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“Precision instruments are designed to achieve an idea, dimensional 
precision, where perfection is impossible. There is no perfectly shaped part 
of the motorcycle and never will be, but when you come as close as these 
instruments take you, remarkable things happen, and you go flying across 
the countryside under a power that would be called magic if it were not so 
completely rational in every way” 
- Robert M. Pirsig 
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Abstract 
The Latrobe Valley mines, Victoria, Australia, are facing some major challenges as 
they approach the end of their mining life. Most of these challenges surround current 
rehabilitation practice and the ability to create safe and stable landforms for future land uses 
well after the mines have closed. As there has been no developed alternative use for the brown 
coal at this stage, stopping power generation leads to the cessation of mining.  AGL Loy Yang 
is undertaking rehabilitation cover trials on exposed coal batters to investigate optimal cover 
materials that will enable safe and stable batters well beyond mine closure. A series of 
rehabilitation trials using coarse coal ash have been constructed by AGL to assess the 
performance of coarse coal ash as a ‘subsurface drainage layer’. One of the trials includes the 
use of a 1 metre coarse coal ash layer placed below a 1 metre thick clay cover and above a 
coal surface shaped to approximately 18 degrees (1V:3H). Without a drainage layer, water 
may percolate through the clay cover or seep through the intact brown coal, resulting in a build 
of pore water pressure at the coal – clay interface and increasing the potential for slope 
failure.  The aim of this research work was to assess the spatial distribution of ash properties 
known to affect drainage behaviour at the field scale; to test and calibrate field-monitoring 
equipment that can be used to assess drainage behaviour at the field-scale; to provide 
recommendations for further research on the use of coal ash drainage layer; and to provide a 
benchmark for future testing and monitoring. Through an experimental investigation, it was 
shown that there no significant variation exists in the coarse fraction of Loy Yang pond ash’s 
physical and chemical properties. Monitoring equipment used to determine the field drainage 
performance of the ash included a T8 Tensiometer and EnviroPro (multi-capacitance sensor) 
that were calibrated and tested in the laboratory. It was determined that monitoring devices 
used in this study were suitable for measuring the ash’s hydraulic behaviour only once 
calibrations had been performed. As a result the tested field equipment were included in the 
design of a future monitoring program.  
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 Introduction 
The Latrobe Valley mines, Victoria, Australia, are facing some major challenges as 
they approach the end of their mining life. Most of these challenges surround current 
rehabilitation practice and the ability to create safe and stable landforms for future land uses 
well after the mines have closed. The Latrobe Valley mines generate electricity through the 
combustion of brown coal, and supply over 80% of Victoria’s base load demand. In context, 
energy produced through coal combustion (brown and black) meets 70.5% of Australia’s needs 
with brown coal contributing up to 21.7% nationally (MCA, 2015). Increased awareness of the 
negative impacts associated with coal combustion e.g. greenhouse gas emissions, has 
precipitated a nation-wide debate surrounding renewable energy and the future of coal.  
 In 2015, coal combustion was responsible for 66% of Australia’s greenhouse gas 
emissions. The Latrobe Valley power stations linked to the three Latrobe Valley brown coal 
mines are in the top ten of Australia’s most emission intensive coal power stations (AG, 2016; 
ACIL, 2016). Brown coal boilers need three to four times as much fuel to produce the same 
amount of electricity as black coal boilers (because of brown coal’s high moisture content), and 
generates up to 30% more greenhouse gas emissions (Origin, 2015). In December 2014, the 
Australian Federal Government introduced the ‘Emission Reduction Fund’, which aims to 
reduce greenhouse gases by 80% below the year 2000 levels by 2050. This legislation has 
had a significant impact on the Latrobe Valley mines, which contributed to the early closure of 
the Hazelwood power station, and planned closures for the Yallourn and Loy Yang stations.  
As there has been no developed alternative use for the brown coal at this stage, other than for 
power generation, stopping power generation leads to cessation of mining.  Coal seams in the 
Latrobe Valley are large. The three mines were able to develop large open-cuts with high 
capacity dredgers and conveyor systems. Rehabilitation of the open cut mines must be 
carefully considered to ensure protection of the local community as well as the local 
environment. A number of critical incidents occurring in the Latrobe Valley mine including; 2007 
– Yallourn landslide; 2011 – Hazelwood freeway collapse; 2014 – Hazelwood mine fire have 
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reinforced the need for adequate rehabilitation. After the Hazelwood mine fire in 2014 an 
inquiry was primarily made into: 
 The origins of the fire including how it spread to the Hazelwood mine; 
 The measures put in place to mitigate fire risk, and 
 The adequacy and effectiveness of the response to the Hazelwood Coal mine fire 
(HMFI, 2014).  
Between 2015-2016, the inquiry was re-opened and the ‘Hazelwood Mine Fire 
Inquiry (HMFI) Board’ was established.  In consultation with technical experts, the HMFI Board 
inquired into, reported on, and made recommendations for: 
 Short, medium and long-term rehabilitation options, 
 Rehabilitation liabilities (e.g. rehabilitation bonds), associated with mines, and 
 Final landforms and land uses of the mines (HMFI, 2016). 
According to the HMFI Board, short-term rehabilitation is defined as the 
rehabilitation activities from now until the end of mining activities; medium-term is define as the 
rehabilitation activities from the end of mining operations to 15 years after the end of mining 
operations; and long-term is defined as rehabilitation activities commencing 15 years after the 
end of mining operations. Victorian regulations under the ‘Mineral Resources Sustainable 
Development Act 1990’ (MRSDA, 1990) set out a number of rehabilitation requirements, 
against which the Latrobe Valley coal mines are required to conform. The Regulations specify 
what must be done and how it can be achieved (DEDJETR, 2015). Section 78 of the MRSDA 
(1990) requires a licensee to rehabilitate land according to the rehabilitation plan approved by 
the Department Head (as per the Public Administration Act 2004), which address short, 
medium and long-term rehabilitation goals. There are some common elements between the 
Latrobe Valley mines rehabilitation plans, which include: 
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 Shaping the overall mine wall (batter) so that batter angles are no greater than 18 
degrees (1V:3H). 
 Covering exposed coal surfaces with vegetated overburden (waste material that 
overlies coal seams) and/or top soil. 
 Progressively rehabilitate the mine site in order to reduce the rehabilitation liability. 
However, recent reviews (e.g. the re-opening of the HMFI) have highlighted that 
there are a number of technical issues and uncertainties in the way rehabilitation practices are 
managed for the Latrobe Valley mines (DEDJETR, 2015). For example, Professor Galvin 
stated in the HMFI that the ‘generally adopted’ batter angle of 1V:3H is ‘too simplistic’, and it is 
‘extremely unlikely’ that each mine, or even each batter will require the same angle. The 
Latrobe Valley mines are large, complex and their methods of operations differ, therefore, it is 
natural for their rehabilitation methods (short, medium and long-term) to differ (HMFI, 2016).  
On the contrary, there is consensus among the Latrobe Valley mine operators and other 
influential bodies (e.g. the Mining Regulator) regarding the method of final rehabilitation and 
mine closure. The consensus was that final rehabilitation should be considered successful 
once a safe and stable landform has been completed. This can be achieved through partial or 
fully filled pit-lakes. Lusatia, Germany, successfully implemented the lake filling approach for a 
series of open-cut brown coal mines and is being used as a case study (Blanchette, 2016; 
HMFI, 2016). Partial or fully filled lakes are the most probable scenario for the Latrobe Valley 
mines. An open-cut mine is considered to be predominantly safe and stable once, a ‘weight 
balance’ has been achieved and exposed coal surfaces are shaped and covered (HMFI, 2016). 
Coal surfaces become exposed during mining operations as overburden is stripped away to 
expose the underlying coal seam. Weight balance is considered to be the level of fill (water or 
soil) required to counterbalance upward pressures generated by underlying and deep aquifer 
systems.  The elevation of the water to achieve weight balance is considered to be the lowest 
appropriate level for the partial lake option. Current rehabilitation plans propose that coal 
surfaces above the final lake level will be covered with an overburden and/or top soil but coal 
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surfaces below this level will be left exposed while the lake is filling. The State Government 
has a role in promoting improved technical capability within the industry in the assessment and 
management of mine slope stability. Without government intervention in this area, industry 
could be slow to adopt suitably robust mine and stability risk management practices 
(DEDJETR, 2015). The HMFI board recognised that, in order for the mines to achieve their 
final rehabilitation plans within an acceptable time-frame, the mine site needs to be 
progressively rehabilitated during the operational life of the mine, as areas become free from 
mining activity or significant infrastructure is removed. Currently there is no clear definition or 
guidelines on what constitutes progressive rehabilitation. Under the MRSDA (1990) the only 
requirement is for mine operators to progressively rehabilitate as far as practicable without 
causing any disruption to mining operations. Furthermore, the Mining Regulator has no suitable 
methods for accurately assessing the rate of progressive rehabilitation e.g., there is no 
prescribed timeline for which progressive rehabilitation activities should be completed. The 
HMFI Board has concerns over the actions taken towards progressive rehabilitation and is 
under the belief that if the State fails to increase bond levels or if the legislation pertaining to 
progressive rehabilitation requirements e.g. rate of progressive rehabilitation, that there will be 
no incentives for mine operators to increase the rate of progressive rehabilitation (HMFI, 2016). 
During the latest HMFI inquiry, Mr Unger emphasised the benefits of trials and monitoring as 
a component of progressive rehabilitation as they provide a ‘feedback mechanism’ for mine 
operators to systematically review their progress. The statement was reinforced by Mr Rieniets, 
who stated that ‘progressive rehabilitation plans [for the Loy Yang mine] have evolved over the 
life of the project based on learnings from rehabilitation trials…’. It was believed by the HMFI 
Board that progressive rehabilitation must be seen as broader than moving overburden, 
changing batter angles and revegetation, and recognises the importance of integrating 
research into progressive rehabilitation (HMFI, 2016). On the same note, the HMFI board 
acknowledge the concept of a ‘Rubicon moment’ as suggested by Dr McCullough, which is the 
idea that flexibility in progressive rehabilitation must be maintained wherever possible so that 
no decisions are made that unwittingly restricts the mines from achieving the best possible final 
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landform and land use. Research and associated trials are considered to be essential 
components of progressive rehabilitation, and the knowledge gained through the process will 
increase the likelihood that rehabilitation is both effective and sustainable (HMFI, 2016). The 
HMFI recommended that the rate of progressive rehabilitation should be increased and that 
research should be integrated into each of the mines rehabilitation plans with milestones that 
can assess the extent of progressive rehabilitation. The Inquiry recommended the 
development of an integrated mines research group involving all three Latrobe Valley mines to 
develop and implement a 10-year research program.  As part of this research plan, AGL Loy 
Yang is undertaking rehabilitation cover trials on exposed coal batters. These research trials 
are investigating optimal cover designs for safe and stable batters above pit lake water level, 
and include:  
1. Collecting detailed hydrogeological data on standard cover designs with varying 
layer thicknesses, 
2. Weathering of brown coal and its effects on rehabilitation cover slope stability, 
3. Use of ash in alternative cover designs, and  
4. Feasibility of artificial top soil as a replacement for virgin material. 
The aim of the current research focuses on aspect 3: to investigate the use of 
coarse coal ash as a drainage layer beneath a clay cover as an alternative slope cover method 
for covering exposed brown coal mine batters. A series of rehabilitation trials using coarse coal 
ash have been constructed by AGL to assess the performance of the ash as a ‘subsurface 
drainage layer’. One of the trials included the use of a 1 metre ash layer placed below a 1 
metre thick clay cover and above a coal surface that was shaped to approximately 18 degrees 
(1V:3H) using a cut and fill method (see Figure 1 - a). The primary purpose of the drainage 
layer is to intercept and divert water flows out of the cover layer or the coal below to reduce 
the build-up of pore-water pressure within the cover system and therefore improve slope 
stability (see Figure 1 – b).  
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  Without a drainage layer, water may percolate through the clay cover or seep 
through the intact brown coal, resulting in a build of pore water pressure at the coal – clay 
interface and increasing the potential for slope failure. It has been shown that Loy Yang pond 
ash has complex soil-water retention characteristics that depend upon the unburned carbon 
(predominantly char) content, particle size distribution, and degree of compaction, which are 
known to vary substantially (Mudd 2007). Determining the significance of these variations in 
respect to the coarse pond ash’s hydraulic response at the field-scale was considered essential 
for assessing the drainage performance of the ash layer.  
Wick drain 
Coal cut surface 
Phreatic line (top of water 
Clay Capping 
Coal ash drainage material 
Coal fill material 
a) 
b) 
Figure 1: Trial slope utilizing ash as a drainage layer below a 1-metre clay cover; a) 
Components of slope design, and b) Forces and flows acting on slope 
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A spatially distributed set of as-constructed (final construction conditions) samples 
of the coarse pond ash were extracted from the trial plot to evaluate the spatial variation of the 
coarse pond ash properties previously stated, and their relationship to the ash’s soil-water 
characteristics. The work in this thesis reports the results of the laboratory investigations and 
their implications for cover design using coarse pond ash as a drainage layer.  
 Objectives 
The objectives of this research are to: 
 Assess the spatial distribution of ash properties known to affect the drainage behaviour 
of ash at the field scale 
 Test and calibrate field-monitoring equipment that can be used to assess drainage 
performance at the field scale. 
 Provide a benchmark for future testing and monitoring of the ash drainage layer. 
 Make recommendations for further reasearch on the use of coarse coal ash as a 
drainage material. 
 
  Thesis Structure  
Chapter 1 in this study introduces the use of ash drainage layer from a holistic mine 
perspective. Chapter 2 contains general background information regarding current policies 
governing rehabilitation; the production of coal ash; physical and chemical properties 
determined through previous researchers; and the issues to be resolved to demonstrate the 
applicability of coarse pond ash used as a drainage material in slope cover design. 
 Chapter 3 reports on the relevant literature and provides a summary of water 
retention characteristics models and Pedo-Transfer Functions suitable for coarse coal ash. 
Methods of directly measuring water retention that pertain specifically to this project were also 
reported. Chapter 4 assesses the spatial variation of ash extracted systematically from the 
field-scale trial plot that utilizes coal ash as a drainage material for shallow cover materials. 
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Spatial variation was assessed by determining if any significant variations in the chemical and 
physical properties exist in relation to the spatial differences across the slope. The effect of 
these variations on the hydraulic response was investigated and discussed. 
Chapter 5 determined that water retention characteristics of coarse Loy Yang pond 
ash that was considered to be representative of the slope material, and that current field 
equipment provides a suitable method for directly measuring the suction and volumetric water 
content of the ash over the transitional zone (greatest rate of change). The measured data was 
fitted to some well-known soil water retention models that have reportedly been suitable for 
measuring non-cohesive coarse-grained soils. Similarly, a number of suitable Pedo Transfer 
Functions used to estimate the Soil Water Retention Curve from particle size and estimate the 
hydraulic conductivity were tested. The suitability for each of these models to estimate and 
represent the water retention properties of the ash layer is discussed. 
Chapter 6 reports the key findings of the report and discusses the relevancy of the 
work completed in this study to the larger overhanging rehabilitation goals set by AGL. Chapter 
7 concludes and summarises the findings found in this study.  
 Project Major Results 
 No significant variations exist in the chemical and physical properties of coarse coal 
ash used in the field-scale rehabilitation trial 
 Equipment used to measure the ash’s suction and water content in the field were 
determined to be suitable once calibrated and functioning as expected: 
o A cost alternative method for measuring suction was also investigated using a 
Gypsum Block. The Gypsum Block did not perform well in the laboratory but it 
is believed that it may perform well in the field as significantly slower 
saturation/desaturation rates are expected compared to laboratory conditions 
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 Background 
Primary Objective: 
 To provide background information on: 
o The AGL Loy Yang complex, 
o Current legislation and policies governing AGL' rehabilitation activities, 
o AGL’s current rehabilitation practice, goals, objectives and milestones, 
o Coal ash production and ash management at the Loy Yang station, 
o Physical and chemical properties of coarse Loy Yang pond ash, 
o Construction, design and approval of rehabilitation trial slopes utilizing coarse 
coal ash as a drainage material, and 
o Issues to be resolved to demonstrate the applicability of using coarse coal ash 
a drainage material. 
 
The Loy Yang open-cut coal mine is owned and operated by AGL Energy Limited, 
and is the largest and newest brown coal facility in the Latrobe Valley, Victoria, Australia. AGL 
owns and operates the Loy Yang A power station and Alinta Energy owns and operates Loy 
Yang B power station. Loy Yang A has the capacity to generate 2,200 MW of electricity per 
hour, contributing to approximately 50% of the state’s electricity (AGL, 2017). The open cut 
has a perimeter of approximately 14 km, is approximately 200 m deep, and has a continuous 
brown coal output with dredgers operating 24 hours, 365 days of the year (AGL, 2017). The 
open-cut produces approximately 32 million tonnes of low-rank lignite and 3 to 4 million tonnes 
of overburden annually. Approximately 0.5 million tonnes of incinerated boiler ash is generated 
each year as a bi-product of coal combustion.  AGL has projected that mining activity in the 
open cut will cease by 2048.  The available space for safe ash disposal is limited and AGL is 
currently investigating alternative uses for coal ash. Coal ash is currently pumped into AGL’s 
ash ponds where it is leached for a minimum of three months and is then dumped into 
Environmental Protection Agency (EPA) approved sites. Construction of the Loy Yang ash 
ponds was completed in 1981 and mine operations began in 1982. Initially, the Loy Yang ash 
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ponds were constructed to provide a long-term disposal site for the ash; however, around the 
time of construction, Mudd et al. (1996) also carried out a review of the production rates of ash. 
It was determined that the volume of the ponds would not be sufficient for the intended life of 
the Loy Yang complex. In 1994, the pond walls were raised and a detailed investigation into 
the possibility of landfilling was investigated (Mudd, 1998b). The Victorian (EPA) currently 
classifies coal ash as a prescribed industrial waste, which requires disposal into an EPA 
approved site. Prior to disposal, ash is leached in the Loy Yang ash ponds for period of up to 
12 months in order to reduce the concentration of chemical constituents. Excess water that 
results from the ash transportation process is removed from the ash, and while in a partially 
saturated state, the ash is excavated and placed in approved areas of the Loy Yang Over 
Burden dump. There are two landfill cells approximately 600 m from the Loy Yang ash ponds 
that are actively receiving leached pond ash. While there is sufficient area for dumping, the cost 
of disposal and management is approximately $3 million per annum. AGL is currently 
investigation potential beneficial re-uses of coal ash to minimize disposal requirements.  
 State laws and policies require AGL to progressively rehabilitate the open cut mine 
while operating. Following recommendations made in the HMFI (2016), AGL decided to 
increase the rate of progressive rehabilitation in the open cut mine and has integrated a 10-
year research plan to address knowledge gaps in technical and scientific information. EPA 
exemption was granted for the use of coal ash in the Loy Yang the open cut mine specifically 
for this project. Exemption was granted under the stipulation that the ash will provide some 
beneficial use, such as, improving the slope stability of exposed coal batters. Following EPA 
exemption, a series of trial plots utilizing the coarse fraction of the Loy Yang Pond Ash as 
drainage material were constructed on the North side of the open cut’s Western batter 
(Figure 2). The use of ash in this context aligns with a number of objectives set by AGL as well 
as the regulatory bodies that mediate rehabilitation actives. These objectives include but are 
not limited to the beneficial re-use of a waste material according to the Best Practice 
Environmental Management, and integrating areas of research into rehabilitation works and 
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cover design improvements. AGL’s rehabilitation objectives are in part determined by 
legislation and contractual agreements to the state government. Knowledge of the legislative 
requirements surrounding AGL’s rehabilitation activities along with the findings from previous 
research provides a clear context on how this project came to fruition. 
 Loy Yang Rehabilitation 
AGL is responsible for conducting business with minimal public risk and 
environmental impacts. A rehabilitation master plan was developed by AGL to ensure that, all 
rehabilitation and rehabilitation closure activities will be conducted in such a way that all 
statutory requirements are met, commitments to stakeholders are honoured and corporate 
policies are implemented. Any ongoing or planned work that is directly applicable to 
environmental management and rehabilitation processes within AGL must strictly adhere to 
Figure 2: Overview of the Loy Yang complex 
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federal and state legislation. The most influential statutory documents affecting the 
rehabilitation activities at AGL are: 
FEDERAL: 
 Environmental Protection and Biodiversity Conservation Act - (EPBCA, 1999) 
STATE: 
 Environment Protection Act - (EPAA, 1970) 
 Flora and Fauna Guarantee Act - (FFGA, 1988) 
 Planning and Environment Act - (PEA, 1987) 
 Mineral Resources (Sustainable Development) Act - (MRSDA, 1990) 
 Water Act (2007) - (WA, 2007) 
 Rehabilitation Regulations and Policies 
WorkSafe, the Victorian Environmental Protection Agency (EPA), and the 
Department of Economic Development, Jobs, Transport and Resources (DEDJTR), are the key 
State Government regulatory bodies that oversee mine operations within the Latrobe Valley. 
These regulatory bodies enforce the policies set in the acts listed above to ensure that AGL is 
meeting their requirements as a mine licensee. Worksafe enforces safe practice to avoid 
workplace illness, injury and fatalities, and the EPA enforces licence agreements related to the 
health of the environment such as waterways. DEDJTR regulates and controls mine licenses 
and mine exploration and operation and enforces legislation set in the Mineral Resources 
(Sustainable Development) Act 1990 (MRSDA) and Mineral Resources (Sustainable 
Development) Regulations MRSDR (2013) through the use of compliance tools such as 
infringement notices, enforceable undertakings, remedial notices and enforcement orders. 
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 Rehabilitation Requirements 
 The MRSDA (1990) and MRSDR (2013) stipulate a number of requirements that 
guide short and long-term rehabilitation at Loy Yang. Part 7 (Rehabilitation) of the act requires 
mine license holders to progressively rehabilitate disturbed areas of the mine but 
commensurate with the rate of mining and the nature of the mining operation. Under Schedule 
15 of the regulations, rehabilitation of the disturbed areas requires an approved rehabilitation 
plan for both the progressive and final rehabilitation plan that addresses the future land 
characteristics, long-term stability and potential degradation of the surrounding environment, 
which must reflect the interests of the local community. 
 Rehabilitation Bond 
In order to mitigate financial risk to the state, Section 80(1) of the MRSDA (1990) 
requires a licence holder to enter into a rehabilitation bond that will be forfeited if mine 
operations cease and the land has not been adequately restored. In 1997, the liability for 
rehabilitation was set to a total of $15 million, however, the collapse of the northern Yallourn 
Mine batter and the Hazelwood mine fire led to a review of the rehabilitation liabilities of the 
mines. The Bond Review Project adopted a new methodology to estimate the rehabilitation 
liability of AGL with the calculated figure approximately $154 million.  In order to ascertain 
financial security, the state government has proposed a periodical review of AGL’s (and the 
other Latrobe Valley Mines) rehabilitation bond to reduce the gap between paid bonds and the 
updated rehabilitation liability. So that the bond repayments are reasonable the State 
Government introduced an interim bond payment scheme, allowing the mines to pay 
periodically over a number of years. In addition, the State Government has also introduced 
incentives to increase the rate of rehabilitation. For example, AGL and the state government 
entered into a tri-partite agreement with ANTIE (operators of Loy Yang B power station), to 
establish a trust fund that will accumulate funds that will assist with mine closure and final 
rehabilitation. 
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 Rehabilitation Guidelines 
Currently there are no well defined guidelines or assessment tools to measure the 
progress of rehabilitation (HMFI, 2016). It is DEDJTR’s responsibility to individually monitor 
AGL’s rehabilitation activity and determine its compliance with the MRSDA (1990). Currently 
there are knowledge gaps in the technical and scientific information required to properly 
understand the future development of the mines, mine stability and managing the transition to 
final mine rehabilitation and closure. Known knowledge gaps have been broadly categorized 
as: stability, groundwater; water modelling; water quality; other environmental and vegetation 
issues; fire risk and other. An overview of the current knowledge gaps can be found in the 
fourth volume of the Hazelwood Mine Fire inquiry (HMFI, 2016). Research and associated 
trials are considered to be essential components of progressive rehabilitation, and the 
knowledge gained through the process will increase the likelihood that rehabilitation is both 
effective and sustainable (HMFI, 2016). 
 External Influences on AGL’s Rehabilitation 
Activities 
A Technical Review Board was established in 2009 to help address knowledge 
gaps surrounding mine stability, rehabilitation issues and strategies, and to offer independent 
advice to the Latrobe Valley mine operators. The Technical Review Board will also assist in 
managing the transition to final rehabilitation and then mine closure (NERA, 2016).  In addition 
to the TRB, each mine must have an Environmental Review Committee that independently 
addresses strategic management process related to any mining activity that poses a risk to the 
safety of the local public or environment. The Environmental Review Committee ensures mining 
related activities proceed within the requirements of the relevant mining license, work plan and 
rehabilitation plan (NERA, 2016). While the Technical Review Board and Environmental 
Review Committee do not have any direct power over the mines future, mine owners generally 
consider their input when assessing proposed changes to the site, compliance infringements 
and enforcement actions. 
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 Current Practice 
To date 530 Ha of disturbed land in and around the Loy Yang open cut has been 
rehabilitated with another 630 Ha still available. AGL currently rehabilitates at a rate of 16 Ha 
per year and ultimately aims to achieve a rate of at least 20 Ha per year (AGL, 2017). A number 
of scenarios have been developed for the closure of the AGL open cut, however, at this stage 
the most likely outcome is for the open cut to be converted into a half or full pit lake with the 
remaining area to be restored for agricultural use. The AGL Loy Yang mine rehabilitation 
design process according the 2015 work plan variation is shown in Figure 3. 
 Goals and Objectives 
 AGL has developed a Rehabilitation Master Plan and Land Rehabilitation Manual 
to provide a detailed set of guidelines, principles, and milestones that forms a framework for 
current and future rehabilitation activities. The Rehabilitation Master Plan and Rehabilitation 
Figure 3: Loy Yang mine rehabilitation design process (HMFI, 2016) 
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Manual set the base line expectation of what rehabilitation should be achieved each year. 
Primary objectives related to the rehabilitation of mine batters include the following: 
 Cover all exposed batters with a non-combustible material that has a slope of 18 
degrees or less. 
 Where possible the covers should be vegetated and compatible with the surrounding 
environment.  
 Create geotechnically safe and stable landforms that are non-polluting and safe for 
humans and wildlife.  
 Minimise land degradation and ensure that landforms are compatible with projected 
future land uses (HMFI, 2016) 
Currently there are no suitable methods available for the Mining Regulator to assess 
rehabilitation progress. The MRSDA (1990) currently specifies that a mine operator must as 
far as practicable complete rehabilitation during the period of the agreed licence term. 
Progressive rehabilitation at AGL is currently determined by the on-going access, infrastructure 
layout, and geotechnical stability of the coal batters (AGL, 2017).  In assessing the acceptability 
of rehabilitation objectives, AGL has defined a set of indicators and completion criteria, which 
are ranked: 
1. Avoid disturbance that will require rehabilitation 
2. Reinstate a “natural” ecosystem as similar as possible to other existing ecosystems 
in the region 
3. Reinstate previous land use (e.g. grazing or plantation) 
4. Develop lower value land use 
5. Leave the site in an unusable condition or with the potential to generate future 
pollution or adversely affect environmental values 
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 Base Line Cover Design 
All future rehabilitated slopes at the mine will be constructed with a slope ratio of 18 
degrees (3V:1H) or less. A cut and fill method is to balance out the slope material and achieve 
the desired slope angle. It is highly unlikely for a slope to be perfectly balanced in terms of cut 
and fill it may be necessary to import other locally available materials from the site. AGL’s 
minimum requirements for cover design include a 1 m thick clay cover covered by at least a 
minimum of 150 mm of vegetated top soil. AGL has shown through trials and testing that simply 
placing a clay cover of the cover batters is useful covering up the potential fuel load and 
inherently mitigating fire risk. However, previous experience has also shown that standard 
covers have competing issues that need to be resolved in order to determine an optimum cover 
and final cover design. For example, clay covers are generally used to restrict the flow of water 
(and gases) that would otherwise percolate into the cover system; however, if a 1 metre clay 
cover directly overlies a clean coal cut surface (that is effectively impermeable) it is possible 
for pore water to build up and cause points of oversaturation/instability in the cover material, 
which may ultimately lead to shallow cover failure. 
  AGL Rehabilitation Trials 
A number of rehabilitation trials are currently ongoing at AGL on the North-West and 
Western batters (Figure 1). The location of the trial area was chosen for the following reasons:  
 The rehabilitation trial area is far away from any current and future mining 
operations, and 
 The trial area was determined to be relatively balanced in terms of cut and fill so 
construction time and cost is optimised. 
It is anticipated that data collected from the research trials will provide the primary 
technical information required to obtain an optimum cover design. The Hazelwood Mine Fire 
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Inquiry Board made recommendations in the Hazelwood Mine Fire Inquiry of which AGL has 
adopted recommendations 4 and 18 into the rehabilitation plan, which are: 
Recommendation 4 – “Increase the rate of progressive rehabilitation by 
developing milestones within the mines progressive rehabilitation plans in consultation with 
the mine operators and the Technical Review Board, and require the successful 
achievement of the milestones”. 
Recommendation 18 – “… develop an Integrated Research plan that identifies 
common research areas and priorities for the next 10 years, to be reviewed every three 
years”. 
 Coal Ash Production and Management 
Coal ash is the primary Coal Combustion bi-product formed during the coal 
combustion process. The coal combustion process begins with coal being pulverized and then 
fed into a combustion chamber at temperatures over 1400 °C, causing coal to combust almost 
instantaneously. For a brief moment devolatilisation takes place, preventing oxygen from 
reaching the coal particles (Lind, 1999). Once the devolatilisation process is over the coal is 
ignited and induces char burning. Char burning generates temperatures in excess of 1800 °C, 
at which point, 5% of the total ash content is volatised into a gas (Lind, 1999). As the coal 
continues to combust, the coal particles become fractured and are extracted from the furnace 
using flue gas. Fragmented coal particles travelling up the flue are cooled down and reduced 
to a molten residue. Molten residues collide and agglomerate to form coal ash. Bottom ash 
particles are formed when the agglomeration of molten particles becomes too heavy for flue 
gas removal falling though it to the bottom of the combustion chamber. On the other hand 
agglomerations that are light enough are removed pneumatically by the flue gas. Volatised 
particles also travel up the flue and are cooled, condensed and undergo oxide nucleation, 
resulting in the precipitation of major elements on the surface of the ash particles. The ratio at 
which bottom ash is generated in comparison to fly ash is approximately 1:6 (Earth Systems, 
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2016). It was shown that the chemical composition and physical characteristics of coal ash are 
sensitive to the coal feed type and the combustion chamber pressure. (Wadge et al., 1986; 
Openshaw, 1992; Wall, 1992; Lind, 1999). It was found that bottom ash was more likely to form 
when temperatures in the combustion chamber were lower because the residence time in the 
chamber is longer. Subsequently the chance for larger agglomerations to form increases (Lind, 
1999).. 
 Ash Collection and Site transportation 
Bottom ash, too heavy for flue gas removal is captured at the bottom of the 
combustion chamber. Fly ash that is removed via flue gas is captured using electrostatic 
precipitators.  Upon collection, bottom ash and fly ash are converted to a slurry (≈ 70% water) 
using recycled ash pond water or brine to transport the ash around the Loy Yang A power 
station. The two initially separate streams are combined in a temporary ash pit on site, and 
shortly after are transported to an ash pond system for intermediate bulk storage (Figure 4). 
The ash pond system contains two conjugate ponds, termed North and South (see 
Figure 5). Each pond has an embankment height of 3 m and a surface area of 10,000 m2.  
Figure 4: Schematic flow diagram of Loy Yang’s Ash Transportation System 
(Mudd, 2000a) 
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The ponds are filled periodically, allowing sufficient time for one pond to fill while the 
other is drained, excavated and dumped into an EPA approved landfill site. Ash pumped from 
the Loy Yang power stations is an unregulated mix of bottom ash and fly ash, which undergoes 
separation in the pods due to gravitational forces. Due to its relative weight bottom ash settles 
at a faster rate and accumulates closer to the spigot, whereas fly ash accumulates closer to 
the outlet. Irrespective of power station processes, the flow rate of the ash entering the pond 
has a strong influence on the settling behaviour. Primarily, low flow rates result in fly ash 
deposits that can be observed as thin horizontal layers across the entire pond delta. Outlet 
towers at the rear of each pond contain sluices that adjust to the height of the pond and control 
the overflow of water and sediment. Overflow of sediments and water are naturally treated in 
the clarification pond before being transferred around the site, or otherwise discarded via the 
‘Saline Waste Outfall Pipeline’. Additionally the ash ponds makes of use the ‘Fire Service 
Reservoir’ as an emergency spillway, which is connected to the connected to the mine’s ‘Fire 
Service Reticulation System’ (LYP, 1998). 
  
Figure 5: Overview of the Loy Yang Ash Pond System 
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 Ash Disposal and Storage 
According to the Environment Protection (Industrial Waste Resource) Regulations 
(EPIWRR, 2009), Loy Yang pond ash is categorized as a Category C - Prescribed Industrial 
Waste, which poses a low threat to human health and the natural environment, however 
ongoing monitoring of disposed ash is a requirement.. To safely dispose of coal ash, AGL is 
required to; implement a leachate-monitoring program, restrict leachate flows going beyond 
site boundaries and engage with an environmental auditor to determine compliance with the 
Environmental Protection Act (1970). AGL currently employs a truck and shovel operation in 
order to dispose of coal ash on site. For the time being coal ash is stored in an EPA approved 
landfill site located approximately 600m of the ‘South’ ash pond where there are two landfill 
cells receiving ash. AGL has identified another three sites suitable for receiving ash, however, 
it is clear that the available area cannot sufficiently accept ash for the entirety of mine 
operations. In addition, the estimated cost of disposal and management is $3 million per annum 
and consequently AGL is investigating alternative options for ash disposal. Ultimately, AGL 
plans to change the disposal location of the ash from the its current location into the open cut 
mine and is considering the option of pumping directly from the power stations. During the 
transition of disposal methods, AGL is has begun investigating the beneficial re-use of coal 
ash in a way that minimises or avoids the current disposal requirements.  The investigation is 
aligned with both AGL’s best practice environmental methods and rehabilitation objectives. 
 Loy Yang Ash Characteristics 
Since 1998, the leaching behaviour of Loy Yang’s Pond Ash and its potential effects 
on local hydrology have been studied in depth (Low and Batley, 1988; Black et al., 1992; 
Macphee et al., 1993; Mudd, 1996; Mudd, 1998a; Mudd, 1998b; Mudd, 1998c; Mudd, 2000a; 
Mudd and Kodikara, 2000; Mudd et al., 2004). The results and important findings from these 
studies are discussed later in this chapter. More recently, the research has shifted to 
investigating possible beneficial re-uses of coal ash in order to meet AGL’s current aims and 
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objectives (La Motta, 2003; Mudd et al., 2005; Mudd 2007; Jacobson, 2011b; Earth Systems, 
2015; Taylor, 2015; Earth Systems, 2016). Although research has been conducted across the 
whole pond delta, there has been little investigation into the properties of different ash 
components and in particular the hydro-physical properties of coarse pond ash. Coarse pond 
ash has been previously identified as a suitable earthen cover material that may be used in 
drainage applications. However, the coarse pond ash has complex soil-water characteristics 
that are dependent upon particle size distribution, char content and compaction, which require 
investigation. This section reports on the past research conducted on Loy Yang pond ash with 
a strong emphasis on the coarse fraction. 
  Physical Properties 
 Loy Yang pond ash is characterised as a Class C (lignite) ash that generally has 
poor pozzolanic (cementious) properties (Peterson, 1982; Raisbeck, 1990). Its colour ranges 
from light to dark grey/brown, consisting predominantly of fine sands, and silts with some 
unburnt coal, boiler slag, char and other residuals. According to the Unified Soil Classification 
System, Loy Yang pond ash typically falls under two distinct soil groupings, which represent 
coarse and fine fractions of the pond (Mudd et al., 2005). According to (Mudd et al., 2005) the 
coarse fraction, containing mostly bottom ash sized particles, represents a silty sand (SM) and 
the finer fraction, containing mostly fly ash sized particles, represents an elastic silt (MH). 
Jacobson (2011b) study considered the coarse fraction only. Kacavenda (1994) and the study 
carried out by Mudd et al. (2005) considered both the coarse and fine fraction. It should be 
noted that, the physical property data determined by Kacavenda (1994) was limited only to 
only bulk density values. A summary of the combined findings for Loy Yang pond ash’s physical 
properties are shown in Table 1. 
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 Particle Size Distribution 
A recent study carried out by Earth Systems (2016), determined the Particle Size 
Distribution curves for 16 evenly spaced locations across the North Ash Pond (see Figure 6). 
Locations 1, 5, 9 and 13 are the four closest points to the pond inlet and are considered to be 
the coarse fraction. Locations 4, 8, 12 and 15 are all located at the rear end of the pond and 
are considered to be the fine fraction. Earth Systems (2016) study determined that the 
percentage of fines passing the 75 µm sieve is considerably different between the coarse and 
fine fractions with an average of 24% and 69% respectively. The weight distribution of the ash 
was found to be predominately in the 75 μm - 300 μm range (45 wt.%), with 30 wt.% <75 μm 
and 20 wt.% within the 300 – 600 μm range. The reason for this is that the ratio of bottom ash 
and fly ash particles leaving the power station is approximately 1:6. The coarse fraction 
generally contains more than 50% sand particles (0.05 – 2.00 mm), more than 12% fines (> 75 
μm), less than 2% of clay sized particles (<2 μm), and is poorly graded. The fine fraction on 
the other hand contains less than 25% sand sized particles, approximately 3% is clay-sized 
Table 1: Summary of Loy Yang ash physical properties 
Physical Property 
Jacobson 
(2011b) 
Mudd et al. (2005) 
Kacavenda 
(1994) 
Coarse Coarse Fine Coarse Fine 
Liquid limit (%) 32 42.0 73.9 - - 
Plastic limit (%) 29 36.4 8.7 - - 
Linear shrinkage (%) 0.5 1.9 3.2 - - 
Plasticity index 3 5.6 15.2 - - 
Porosity (vol %) 35 46 75 - - 
Particle Density 2.48 2.56 2.47 - - 
Maximum dry density (g/cm3) 1.29 1.305 0.69 0.99 0.45 
Optimum moisture content (%) 35.5 33 94 - - 
Hydraulic conductivity (m/d) 0.254 0.126 0.0225 - - 
Coefficient of volume compressibility 
(m2/MN) 
- 0.18 0.09 - - 
Coefficient of consolidation (m2/year) - 5231 1422 - - 
Fines content - passing 0.075 mm (%) 23 - - 26 91 
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particles, and is fairly well graded. A summary of particle size distributions observed across the 
Loy Yang ash pond is shown in Table 2. 
 Moisture Retention Characteristics 
Mudd et al. (2005) determined the Soil Water Retention Characteristics (SWRCs) 
for 23 samples across the pond and for both the coarse and fine fraction, using a combination 
of direct measurement techniques (Figure 7). The findings show that there are two distinct ash 
groups, which attest to the aforementioned unified soil classifications (SM and SH), however, 
in this study only the fine fraction was quantified. Mudd et al. (2005) found the fine fraction to 
have a low shrink-swell capacity and a high storage capacity, which makes for a favourable 
Table 2: Summary of particle size distribution coefficients and effective diameters for Loy Yang 
pond ash 
 
D60 D50 D30 D10 Cu Cc 
Coarse Fraction Avg. 0.170 0.130 0.095 0.0400 4.250 1.327 
All Locations Avg. 0.082 0.055 0.028 0.0068 12.059 1.406 
Fine Fraction Avg. 0.041 0.028 0.015 0.0046 8.913 1.193 
 
Figure 6: Earth Systems (2016) Sampling Locations 
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cover material. Although the coarse fraction was not quantified, Mudd et al. (2005) stated that 
the coarse fraction has a lower storage capacity and has improved drainage conditions 
compared to the fine fraction. The saturated volumetric water content for the coarse fraction 
ranges from 0.38 – 0.52 and the fine fraction ranges from 0.66 - 0.73. Theoretically, the 
saturated volumetric water content of the coarse fraction could vary due to the presence of 
char, given that char has its own unique water characteristics and char content has been known 
to make up to 20% of the ash’s weight. As a point of reference the coarse fraction has similar 
water retention characteristics to silty sands with a similar particle size distribution and dry 
density, and provides a platform for comparisons (Zhai, 2013).  
 Density and Compaction 
From the discharge point of the ash pond, larger and denser sand sized particles 
settle at a faster rate than the finer and lighter particles, causing the bulk dry density to decrease 
as the distance from the point of discharge increases (1.6 to 0.6 t/m3) (Mudd, 2000). The 
specific gravity of the pond ash is typically around 2.36, but can be in excess of 3.00, and can 
Figure 7: Soil water retention characteristics for coarse pond ash (SM group) and fine pond ash 
(MH) Group 
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also decrease significantly in the presence of char, which has a specific gravity of 1.64 (Mudd 
and Kodikara, 2000; Mudd et al., 2005)The optimum moisture content and maximum dry 
density from (Mudd et al., 2005) ranges between 33 – 94% and 0.69 - 1.305 cm3/g respectively. 
Compacted at optimum moisture content, the porosity of the ash ranges from 46 to 75%. It was 
found that ash is generally less sensitive to moisture variations than typical soils, which allows 
for a high degree of compaction over a relatively large range of water contents (Sear, 2001; 
Pandian, 2004).. The coefficient of compressibility is higher for the coarse fraction than the fine 
fraction ranging from 0.09 to 0.18. Given that saturated hydraulic conductivity is sensitive to 
compaction, it is likely to see a greater degree of variation between the fine and coarse 
fractions. 
 Chemical Properties 
Historically the bulk of the research work carried out on Loy Yang coal ash has 
focused on its chemical constituents (Low and Batley, 1988; Black et al., 1992). Macphee et 
al. (1993) investigated the chemical variability of Loy Yang’s pond ash but did not investigate 
the leaching properties. Shortly after Mudd et al. (1996) began assessing the environmental 
performance of coal ash disposal, and went on to investigate the leaching behaviour of pond 
ash and its effects on groundwater chemistry. Since 2015, a Melbourne based group, Earth 
Systems, has carried out extensive reviews on the Loy Yang ash’s chemical variability as well 
as potential re-use options (Earth Systems, 2016; Earth Systems, 2015). Accompanying this 
work, the Geotechnical and Hydro-geological Research Group (GHERG) at Federation 
University investigated the long-term leaching behaviour, neutralizing capacity behaviour in a 
laboratory study and other beneficial properties of coal ash (Jacobson et al., 2011; Taylor, 
2015). 
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 Chemical Constituents 
A summary of the chemical constituents for Loy Yang coal ash provided in Table 3. 
Loy Yang pond ash consists predominately of amorphous silicate phases of silica (SiO2) and 
alumina (Al2O3). Other constituents include calcium oxide (CaO), iron oxide (Fe2O3), 
magnesium oxide (MgO), sodium oxide (Na2O), potassium oxide (K2O), sulphur trioxide (SO3) 
and titanium dioxide (TiO2) and unburned carbon (predominantly char). Predominantly, 
chemical constituents found within the ash derive from the breakdown of inorganic and rock 
material found within the parent coal material.  The chemical properties of coal ash are highly 
variable and dependent upon coal feed, combustion temperature and method, and disposal 
method. For example, Loy Yang pond ash has a high sodium salt content due to the ash 
transportation process.  
Table 3: Summary of Loy Yang's Pond Ash Major Elements (Earth Systems, 2016) 
Refs. Type 
Major Element Constituents (wt %) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 LOI 
(MacPhee, 
1993) 
Fly Ash 60.40 13.30 8.50 1.00 2.20 3.40 2.10 1.20 1.70 1.3 
(Low and 
Batley, 
1988) 
Fly Ash 51.40 18.30 7.40 1.90 5.50 3.50 8.50 0.90 1.30 7.6 
(Black et 
al., 1992) 
Avg. 44.10 13.50 4.90 1.80 5.50 - - - 1.10 25.4 
Min 22.60 5.30 2.80 1.00 1.80 - - - 0.70 3.8 
Max 73.40 30.40 9.40 2.90 11.60 - - - 1.80 45.0 
(Earth 
Systems, 
2015) 
Bot. Ash 69.82 12.52 3.92 1.10 3.20 0.44 2.70 0.30 1.12 2.32 
Coarse 73.8 10.8 4.5 1.0 2.3 0.2 3.5 0.5 1.7 1.50 
Mid 66.5 7.5 2.9 0.32 0.73 0.15 0.82 0.71 1.4 18.3 
Fine 76.1 7.5 4.5 0.52 1.3 0.2 1.8 0.5 1.1 5.50 
(Earth 
Systems, 
2016) 
Coarse 
Avg. 
80.30 6.25 2.50 0.60 1.28 0.26 1.14 0.24 0.89 6.41 
Fine 
Avg. 
46.93 20.00 5.02 1.98 5.74 0.50 2.58 0.43 1.77 14.67 
Pond 
Avg. 
60.32 14.63 4.03 2.08 1.34 3.85 0.37 1.52 0.39 11.19 
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LEACHABILITY  
The Environmental Protection Agency (EPA) has expressed concerns about the 
leachability of sodium that results from the combustion of brown coal and from brine water 
used to transport the ash around the power station. Earth Systems (2016) found that for 16 
pond ash samples collected near the surface, where saline crusts form, that all pond ash had 
sodium chloride contents ranging from 0.004 to 0.077 wt.%. This level of sodium chloride meets 
Australian and New Zealand Environment Conservation Council (ANZECC, 2000) for a 95% 
level of protection for freshwater ecosystems. Earth Systems (2016) also quantified the 
variation of leachable elements and salts across the pond delta and, found that from the point 
of discharge, the concentration of leachable elements and salts increases as particle size 
decreases except for leachable iron. Iron (Fe) content was the only leachable constituent that 
was higher in the coarse than the fine fraction. Taylor (2015) confirmed these findings and 
additionally found that the ash has a strong neutralizing capacity that also increases with 
fineness. Taylor (2015) also found that for all ash types, the percentage of leachable Na is 
significantly lower than the total present, where the total amount of leached sodium was 
determined to be in the range of 2.56% to 16.41%. Moreover, Taylor (2015) found that the 
majority of the leachable sodium is removed in less than one pore volume for the coarse 
fraction and two pore volumes for the fine fraction, and that the solubility of sodium decreases 
as pH increases 
SOLUBILITY 
Taylor (2015) found that the pond ash’s alkaline elements and cations (expressed 
in the form of CaCO3) were over 10 times higher in the fine than coarse fraction. The alkalinity 
across the pond ranges from 7.39 – 81.58 Kg per tonne of ash. The increased surfaced area 
and porosity of the fine ash allows for greater retention of alkaline constituents. Taylor (2015) 
calculated the volume of leachate required to exhaust the ash’s acid neutralizing capacity 
ranged between 1,476 L/kg – 147,600 L/kg for a pH 4 leachate. The solubility of trace elements 
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depends largely on the pH of the fluid and given the high volume of alkalinity, it would take a 
significant amount of time for trace elements to mobilise. 
CHAR CONTENT 
Bio-char can affect the hydrologic properties e.g. water retention behaviour, by 
changing the physical and chemical characteristics of the coal ash. Taylor (2015) found that 
char content in Loy Yang ash appears to have a spatial trend with the lowest recorded values 
located in the South-West corner (2.04%), which increases towards the East/North-East corner 
(16.74%). In general, the coarse fraction contains a lower percentage of char (≈ 6.5% by wt.) 
compared to (≈ 14.7% by wt.) in the fine fraction. 
 Environmental Concerns  
The disposal and management of coal ash is a concern for the Victorian State 
Government. Chemical constituents found within the ash have the potential to leach into local 
groundwater systems and contaminate them. 
LEACHING OF CHEMICAL CONSTITUENTS 
The impacts on groundwater quality arise from the leaching of ash and migration of 
the seepage to shallow groundwater systems. Coal ash leachate generates when water 
mobilises precipitated salts bound to the surface of ash particles. The solubility of trace 
elements depends largely on the chemistry of the major elements present, and whether the 
leachate is alkaline or acidic. Mudd et al. (1996) has shown that ash leached in the ponds for 
6-12 months will reach a steady state in terms of its leaching behaviour, and no longer poses 
a threat to local groundwater. There is some seepage coming from the Loy Yang ash pond, 
which is affecting shallow aquifer systems. The seepage chemical properties consist mainly of 
Na SO4 and Cl concentrations and has a salt content marginally higher than the typical range 
of local groundwater. 
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 Current Re-Use  
In reference to the waste hierarchy, re-use of waste materials is preferred over 
recycling, treatment and lastly disposal. There is currently no known or published re-use of Loy 
Yang’s coal ash and moreover the EPA typically restricts re-use options i.e. fill material. Mudd 
et al. (2005) and La Motta (2003) have both found that coal ash could provide some beneficial 
use as an evapotranspirative cover, but did not investigate further. AGL engaged Earth 
Systems to investigate properties of coal ash that could provide potential re-use options and 
found that the ash provided a good source for cement or brick additives and found that modified 
ash could be used as a pond liner in the internal overburden dump or for on-site acid mine 
drainage management. 
 Exemption for the Beneficial Re-Use of Coarse 
Coal Ash at the Field Scale - Ash Rehabilitation 
Trials 
AGL obtained approval from the Victorian EPA in May 2016 to construct a series of 
trial slopes utilizing coal ash as a drainage material. This is the first known investigation into 
the hydraulic behaviour of coal ash for an open-cut mine at the field scale. The trials were 
exempt from regulatory policies under section 26D of the Environment Protection Act (1970), 
under the provisions that there is no increase in carbon emissions, and all works remain within 
the limits of AGL’s existing license. Typically, an exemption of this kind requires a Research, 
Development and Demonstration approval, however, an 'RD&D’ was not required for these 
trials given that the trials do not require any significant works (see Appendix A.1). As part of the 
agreement, there must be significant monitoring of the leachable materials within the ash as 
well water collection and treatment. The coal ash trial plots are made up of three drainage 
scenarios that were constructed as individual slopes over a broader area, and each scenario 
faces unique soil-water boundaries and water flows. The location of each scenario reflected 
the cut/fill requirements, where the scenario utilizing the largest volume of ash was placed in 
the trial area that required the most amount of fill. Each ash scenario was covered following 
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AGL’s current best rehabilitation cover practice. Effluent flows leaving the ash trial slopes will 
be serviced by the internal service fire reservoir located within the open-cut to ensure that 
leachable materials do not contaminate local groundwater. If these trials are successful then 
there is a potential to move towards a full-scale rollout under EPA supervision 
 Material Selection 
Materials used in the construction of the ash trials were selected from areas on site 
that had been previously investigated or characterised. Clay cover material was sourced from 
the borrow pits; fill material and top soil were sourced within close proximity to the trial area 
(see Figure 2); and coarse pond ash was sourced from within close proximity to the North ash 
ponds spigot (see Figure 4). 
SLOPE COVER MATERIAL 
Low permeability clay covers restrict the downward movement of water and oxygen 
into deeper strata. Clay material from the Borrow Pits is typically a 1:1 montmorillonite clay 
with varying amounts of sand and clay particles, with permeability values in the order of 10-6 
m/d (see Appendix A.4). Borrow Pit clay has been successfully used as a clay cover in other 
ongoing research trials, and to date has shown no signs of serious degradation. 
SLOPE FILL MATERIAL 
Fill material is generated by surface shaping and is known to be highly variable at 
times and can include significant amounts of clayey material. The permeability of the fill material 
was determined to be in the order of 10-5 m/d (see Appendix A.3). It is assumed that cut faces 
will generate some seepage flow, however the permeability of intact coal is also very low, and 
around 10-5 m/d (Mackay, 2012). 
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COAL ASH DRAINAGE LAYER 
During the time of the field trials construction, the North ash pond was ready for 
excavation and the coarse fraction was obtained within close proximity to the pond spigot. The 
coarse fraction has permeability values in the order of 10-1 to 10-3 meters per day, which is 
considered sufficient for drainage of the adjacent materials (Mudd et al., 2005) 
 Slope Construction 
 Construction for the ash trials began in December 2016, and concluded in March 
2017. Two ash trial scenarios investigate the drainage and pore pressure changes in deep 
cover materials, and a third investigates the same for shallow cover materials. The two deep 
drains are placed directly below fill cover material to intercept seepage flows moving through 
cracks and joints of the intact coal and to percolative flows that move through overlying fill 
material. Scenario 1 (Figure 8) uses a wedged layer (10 m (W) x 40 m (L) x 3 m (H)) that 
extends to the phreatic surface to intercept water flows before reaching the fill material, 
whereas scenario 2 (Figure 9) uses a flat rectangular ash layer (25 m x 40 m x 2 m) that 
extends to the toe of the slope and is used primarily to intercept percolating flows generated 
by the fill material. Scenario 3 (Figure 1) uses a layer of ash (80 m x 50 m x 1 m) placed directly 
below a traditional clay cap and on top of a clean cut surface or remoulded fill surface. Figures 
1-3 are only representations of the actual design drawings, which can otherwise be found in 
Appendix A.2. 
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 Issues to be Resolved to Demonstrate the 
Applicability of Ash as a Drainage Medium 
There is a lack of sufficient data on the water retention properties to assess the 
suitability of a coarse coal ash layer for cover drainage. Despite Earth Systems (2016) carrying 
out a detailed analysis for Loy Yang pond ash, information vital to the drainage behaviour of 
the ash is still unknown. Mudd (2007) found that the fine fraction of the pond ash could 
satisfactorily act as a capillary break layer in alternative cover designs. It is important to know 
Wick drain 
Phreatic line  
Coal ash drainage material 
Coal fill material 
Coal cut surface  
Wick drain 
Phreatic line  
Coal ash drainage material 
Coal fill material 
Coal cut surface  
Figure 9: Coal ash trials 'Scenario 1' - Deep wedge 
Figure 8: Coal ash trials 'Scenario 2' - Deep Base Layer 
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that under the right conditions, there is a chance for a capillary break to establish at the ash-
clay interface even when the coarse fraction is used. During wet periods, this could lead to an 
oversaturation of the clay cap that may cause a point for instability that could translate into 
deeper layers. On the contrary, during dry periods there may be a significant amount of suction 
generated in the ash, which could lead to a drying of the clay cover. Either scenario may lead 
to a compromise in the covers integrity. La Motta (2003) states that while Loy Yang ash does 
not yield to gravity water it will give up the majority of pore water when subjected to high suction.  
 Accurately Determining Saturated Hydraulic 
Properties. 
Saturated hydraulic conductivity and water retention may vary spatially across the 
constructed area. A significant variation within the ash will affect the movement of water from 
the clay cover into and through the ash material, and it is more likely for preferential pathways 
to develop. Previous studies as well as preliminary data have shown that there are issues with 
reaching a saturated state or steady state in the laboratory (Jacobson, 2011b). It is crucial for 
Pedo-transfer functions and modelling to have an accurate determination of soil-water 
properties in order to avoid over and under estimations. 
 Clogging of the Ash Layer 
The drainage layer may experience a reduction in drainage efficiency if clay particles 
disperse. Dispersed clay particles will act to clog the void space of the ash and reduce its 
effective permeability. A permeability reduction at the soil-soil interface can result in greater 
accumulations of water within the clay layer. The effect of dispersion is dependent upon the 
ash’s particle size and salinity. If the material is too coarse then fines can migrate into the voids 
of the coarse layer and saline conditions will exaggerate the effects of dispersion. Intermediate 
filter layers placed between the coarse and fine layers have been shown to be an effective way 
to mitigate clogging of the drainage layer (USSCS, 1994). 
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 Chapter Summary 
AGL is required by state legislation to progressively rehabilitate the Loy Yang open 
cut coal mine while the mine is operating. AGL have developed a number of key documents 
that outlines their key rehabilitation strategies and methods to meet the rehabilitation 
requirements set out in the Mineral Resources Act. AGL has integrated research into their 
rehabilitation plans and currently there are a number of rehabilitation trials underway at the 
field-scale. Additionally, AGL is currently investigating beneficial re-use options of ash. 
Recently a series of rehabilitation trial slopes were constructed using coarse coal ash obtained 
from Loy Yang’s North ash pond. One of these trials includes the use of an ash drainage layer 
placed directly below a 1m thick clay cover and above a coal cut and fill surface. Loy Yang 
pond ash has been studied in detail in previous years, however, the specific information 
required to fully assess the coarse fraction as a drainage material is still unknown. In general, 
Loy Yang pond ash is known to have complex soil-water characteristics that depend on char 
content, particle size distribution and compaction, which are all known to vary substantially. It 
is necessary to investigate the spatial variation of these properties at the field scale and to 
determine the hydraulic response that may arise from these variations. 
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 Literature Review 
Primary Objective: 
 To identify and summarise: 
o Soil Water Retention Curve models and Pedo-Transfer Functions that are 
suitable for coarse pond ash 
Secondary Objective: 
 To report on literature relevant to: 
o Soil water retention curves and Pedo Transfer Function models 
o Methods of direct measurement for soil-water properties that are relevant to 
this study. 
Over the past few decades, researchers have stressed the importance of adopting 
unsaturated soil-water characteristics into the design of geo-technical structures. In reality, 
inclined slope covers used in rehabilitation are unsaturated for the majority of their design life. 
The soil water retention curve (SWRC) and the hydraulic conductivity function (HCF) are the 
most important unsaturated properties related to drainage applications. Fundamental theory 
for the two unsaturated properties are described in great detail by (Fredlund and Rahardjo, 
1993; Laloui, 2010; Rahardjo et al., 2012). Of the two, the soil water retention curve is 
considered the most valuable property used for assessing the actual storage and hydraulic 
characteristics of a drainage layer used in a cover system (Fredlund, 2002). The soil water 
retention curve is used to define the relationship between the volume (or mass) of stored water 
and the energy state of the water phase in a soil. Soil water retention curves can be estimated 
through regression modelling using several sets of experimental data, or, through numerical 
predictions and is considered to be the easiest unsaturated property to determine. Pedo -
Transfer Functions have been developed to translate basic soil properties into more complex 
ones, allowing for unsaturated properties to be estimated. Measurement of a soils unsaturated 
hydraulic conductivity is time consuming and often associated with many inaccuracies. 
Consequently, the unsaturated hydraulic conductivity of a soil is often estimated from the soil 
water retention curve that make use of Pedo-Transfer Function type models. Numerically 
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obtaining unsaturated soil properties can be a useful tool, however, most numerical models 
are not developed for specific soils like coal ash, and validation of these models prior to 
prediction is critical. 
 Terminology and Definitions of soil water 
properties 
Unsaturated soil-water properties have been described using an assortment terms 
and it is necessary to define each of the terms to avoid confusion later. For example, the soil 
water content can be expresses as a function of volumetric water content, gravimetric water 
content, or degree of saturation. Equations used to describe the soil water retention curve differ 
depending on what water content is referenced, and therefore, it is important to define all of 
the researched equations using the same terms. For example, in the scenario where volumetric 
content is used instead of gravimetric water content, then the soil water retention curve would 
be significantly overestimated. The three basic soil-water properties that are pertinent to this 
study are the water content, suction and hydraulic conductivity, and required define the soil 
water retention curve and/or the hydraulic conductivity function. 
 Water Content 
The amount of water present within a soil matrix is defined as the ratio of mass of 
water to mass of solids and is the most commonly used term in geotechnical engineering, it is 
defined by: 
Where:  
w = gravimetric water content 
Mw = mass of water 
Ms = mass of solids 
Volumetric water content is more time consuming to measure than gravimetric 
water content because it requires information about the bulk density, however, most soil water 
 
𝑤 =
𝑀𝑤
𝑀𝑠
 
Equation     
( 1 ) 
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retention models tend to use volumetric water content opposed to gravimetric water content.  
A soils volumetric water content is defined by: 
 
𝜃 =
𝑉𝑤
𝑉𝑇
 
Equation     
(2 ) 
Where: 
θ = volumetric water content  
Vw = volume of water 
VT = volume total 
Volumetric water content and gravimetric water content can be expressed together 
as a function of a soils dry density, and is expressed as: 
Where: 
γd  = dry density 
The degree of saturation refers to the volume of water occupying the soils voids. When 
a soils is fully saturated, the void space is completely occupied by the water and the saturation 
is equal to 1. The degree of saturation is defined as: 
Where: 
Sr = saturation 
Vv = volume of voids 
All three references to soil water are equivalent if the soil sample volume remains 
constant as the moisture content is varied. When considering analysis, each of the water 
content variations have advantages and disadvantages, which are explained well by Fredlund 
et al. (2012). 
 
 
 
𝜃 = 𝑤 ∙  𝛾𝑑 
Equation     
( 3 ) 
 
𝑆𝑟 =  
𝑉𝑤
𝑉𝑣
 ( 4 ) 
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 Suction 
Soil suction (ψ) is an indicator of the energy level within a soil. Suction in the general 
sense is commonly used to represent either the matric or total suction, and is considered the 
most important unsaturated property. Matric suction is defined as the difference between pore- 
air pressure and pore water pressure within the pores of a soil sample. Total suction is defined 
as the sum of the matric and osmotic suction (Fredlund et al., 2012). Given that water is in 
compressible, the energy per unit volume can be considered as equivalent to pressure. For 
free draining soils, the air pressure is considered to be atmospheric and when a soil becomes 
unsaturated the water pressure is generally lower than the pressure of air, which results in a 
negative pore pressure (Nimmo, 2005).When a soil is saturated the surface tension forces 
acting between the water and soil matrix are considered to be negligible and gravimetric forces 
dominate. As a soil begins to drain surface tension forces begin to dominate opposing the 
gravity force resulting in a suction in the soil, which is commonly described using the capillary 
phenomenon (Nimmo, 2005). A pore can be compared to a thin capillary tube with one 
immersed in water (see Figure 10). 
The curvature of the air-water interface (meniscus) also known as the water contact 
angle when a soil system is being considered, is inversely related to the air pressure, where a 
Figure 10: Capillary rise in a tube of circular 
cross section (Nimmo, 2005) 
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greater contact angle value corresponds to a tighter curvature and is associated with smaller 
pores that generate higher negative pressures (Nimmo, 2005). Considering a capillary tube 
without a soil body, then under hydrostatic conditions the upwards and downwards forces are 
balanced. The downwards force is considered to be the pressure acting on the area of the air-
water interface, which is expressed as: 
Where: 
Fd = Force acting downwards on the air-water interface 
r = Radius of capillary tube (or pore) 
The upwards force results from surface water tension (σ), and is considered to be 
the force per unit length of the air-water interface acting on the inner wall of the capillary tube. 
In the case where the meniscus is perfectly tangent to the inner capillary tube walls the force 
is given as: 
Where: 
Fu = Force acting upwards on the air-water interface 
σ = Surface water tension 
Under hydrostatic conditions Fd = Fu, which equates to: 
Pores occurring naturally within a soil system are often far from perfect, however, 
the capillary theory can be applied if the radius of the capillary tube is used to represent the 
effective pore radius. The contact angle in this context is dependent upon the applied air 
pressure and the fluids viscosity. When the bulk soil water drains from the soils pores and the 
pores are no longer filled, the water adheres in thin films to the soil matrix, and the concepts 
of capillarity and surface tension are no longer adhered to. The forces of adhesion are therefore 
used to define the matric pressure. Water retained in soil pores may be considered to be a 
 
𝐹𝑑 = 𝜋 ∙ 𝑟2 ∙ 𝜓 
( 5 ) 
 
𝐹𝑢 = 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝜎 
( 6 ) 
 
𝜓 =  −
2 ∙ 𝜎
𝑟
 
( 7 ) 
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function of capillarity when the soil is wet, and adhesion when the soil is dry. In the case where 
adhesion forces dominate, it would require a significant amount of energy to further reduce the 
water content of the soil. 
 Hydraulic Conductivity 
Hydraulic conductivity (k) is the measure of a soils ability to transmit and drain 
water. Darcy found that the saturated hydraulic conductivity is directly proportional to a soils 
flow rate and inversely proportional to the applied pressure gradient. Under saturated 
conditions, hydraulic conductivity is at its maximum due to water completely filing all of the soils 
void space in the. As pore water drains, the void space becomes occupied with air (air phase), 
and the number of available pathways for water to travel is reduced. The influence of the air 
phase on the saturated hydraulic conductivity is discussed further in Chapter 4. 
 Measurement of Soil Hydraulic Properties 
For unsaturated soil mechanic studies, soil suction is the most significant variable. 
Fredlund et al. (2012) state that the application of unsaturated soil mechanics in engineering 
practice is closely related to the ability to measure soil suction and that it is necessary to 
measure suction in the laboratory and in the field. However, it may be necessary or preferable 
to measure both soil suction and water content in the field when monitoring the performance of 
soil cover systems. Carter (2008) contains detailed information on the available laboratory and 
field measurements of suction and water content, along with their advantages and dis-
advantages. In-situ soils generally have complex soil structures, which makes it difficult to link 
individual properties to an observed behaviour. Monitoring equipment should be calibrated 
under controlled laboratory conditions, and the behaviour of all the monitoring equipment 
should be known prior to field instalment. Laboratory based soil column experiments can be 
used as a substitute for field scale studies by representing a small sub section of the field study 
area. Laboratory based experiments allow for improved operational control as well as 
monitoring and sample collection that would otherwise be impractical in the field. On the other 
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hand, soil columns have the inherent disadvantage of artificial boundaries, and the design 
becomes a critical aspect in reproducing field conditions. 
 Measurement of Soil Suction 
It is possible to measure soil suction directly and indirectly in both the field and 
laboratory. Physical properties of the soil sample should be well known before choosing the 
measurement method as each suction device has a specific range that it can measure (See 
Chapter 5.1.3). In general, suction devices that can measure over a large suction range tend to 
fail in the extreme cases e.g. under saturated conditions, and vice versa. There are a number 
of suitable devices used to measure suction, and the feasibility of each device is controlled by 
soil physical (and chemical) properties, operation time and cost. Nam et al. (2009) states that 
the most reliable SWRC is determined through multiple measurement techniques, however, 
with the use of numerical models it is usually not necessary to determine the SWRC over the full 
range of suction values.  
TENSIOMETERS 
Tensiometers are often used the measure the suction of sandy soils because they 
are relatively cost effective and have a rapid response time. Tensiometers are typically made 
up of; a high entry porous ceramic cup (or tip) and a pressure transducer that are connected 
through a small plastic tube. The generalised configuration for a T8 Tensiometer is shown in 
Figure 11. The air entry cup contains de-aired water, serving as an interface between the 
pressure sensor and the negative pore water pressure within the soil. The high porosity 
ceramic cup allows for water and soluble salts to easily transfer in and out, allowing the soil 
and cup to equalise rapidly. Low suction Tensiometers used in the field typically have a suction 
range of 0-100 kPa can only measure matric suction. Tensiometers are often limited to a 
maximum suction value of 100 kPa due to cavitation of water in the ceramic cup and should 
not be used on soils that exhibit a large amount of shrinkage. A loss of contact from the soil will 
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result in erroneous suction data. For these reasons, tensiometers are often used in the field 
when dealing with sandy soils.  
 Measurement of Water Content 
There are three primary ways to measure a soils water content in both the laboratory 
and field, including; direct and surrogate, radiological, and dielectric techniques. Using direct 
measurements, gravimetric water content is the most easily measured unsaturated variable, 
however, in order to calculate gravimetric water content the mass of soil must be known. 
Subsequently in-situ field methods of measuring water content can only be used to obtain the 
volumetric water content and therefore, SWRC’s are most often represented as a function of 
volumetric water content. The measurement of gravimetric water content requires a soil sample 
to be taken to the laboratory for testing, which is destructive and can be time consuming. 
Radiological based methods usually: are expensive, pose some safety and health risks, require 
Figure 11: Example of Tensiometer design -T8 
Tensiometer (UMS, 2011) 
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training, and are not suitable for long-term projects. Dielectric based methods offer a safe and 
long-term solution for monitoring water content for particular soil types, and have increasingly 
been used for field studies (Fredlund et al., 2012). 
DIELECTRIC BASED METHODS 
. Dialectic based methods measure the permittivity (dielectric constant) of a soil 
through using two main techniques, which are Time and Frequency Domain Reflectometry 
techniques. Historically, Time Domain Reflectometry techniques were preferred when accuracy 
was a concern; however, modern day frequency domain reflectometry provides comparable 
accuracies at a significantly lower cost (Topp, 1980; Dalton, 1984; Huisman, 2002; Lin, 2003). 
Additionally, frequency domain reflectometry is more suitable for long-term monitoring of 
moisture content than time domain reflectometry because it has a lower power consumption 
and can easily monitor several sites with the use of data loggers. Frequency domain 
reflectometry type sensors measure the dielectric constant using a single microwave frequency. 
Modern day frequency domain reflectometry probes typically include a capacitor that consists 
of two hollow cylindrical metal electrodes, running coaxially, and separated by several 
millimetres of insulating plastic. Electrodes are contained in a plastic tube and can come as a 
single sensor or a series of stacked sensors. The purpose of the outer wall is to protect and 
contain the inner electrodes while allowing the sensor to interact with the soil outside of the 
tube. Consequently, the contact between the soil and outer wall plays a critical factor and is 
more suitable to soils with low a low shrink/swell index. On the other hand, the largest errors 
are typically caused by poor installation techniques and/or calibrations. No single frequency 
domain reflectometry sensor can accurately measure the water content of a soil without 
calibration. Calibrations should be carried out under laboratory conditions using a physical 
representation of the field trial site e.g. using a soil column. 
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 Measurement of Hydraulic Conductivity 
Hydraulic conductivity in the general sense encompasses both the unsaturated and 
saturated states, and considers anisotropic effects that result from soil heterogeneity. 
Therefore, the unsaturated hydraulic conductivity of a soil cannot be generally considered to 
be constant, rather a variable which is predominantly a function of water content (Gallage et 
al., 2013). Upon desaturation the permeability generally changes by several orders of 
magnitude, which is largely due to a lower cross sectional area for which water can flow 
(Fredlund et al., 2012). The relationship between water content and hydraulic conductivity is 
not direct (one-to-one) because a reduction in water content also results in increased tortuosity. 
The compounding effect causes the hydraulic conductivity to depreciate at a much faster rate 
than the water content. The flow of water through any soil is governed by the pressure head 
gradient in the water phase in addition to a gradient due to elevation head differences. The 
hydraulic head is the primary driving force for water flow in both saturated and unsaturated 
soils (Fredlund et al., 2012). The hydraulic head can be defined as the energy at a point relative 
to an elevation datum, which can be chosen arbitrarily because it is the gradient between two 
points that is of importance to describing water flow. When using an arbitrary datum, the 
hydraulic head at any point can be considered as the gravitational head combined with the 
water pressure head and is expressed as: 
Where: 
z = Pressure generated due to elevation 
uw = Pore water pressure 
pw = density of water 
g = Force due to gravity 
  
 
ℎ𝑤 = 𝑧 + 
𝑢𝑤
𝜌𝑤 ∙ 𝑔
 ( 8 ) 
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UNSATURATED HYDRAULIC CONDUCTIVITY 
The unsaturated hydraulic conductivity can be measured directly in the laboratory 
and the field or determined indirectly through numerical estimations. Direct measurements are 
generally classified as either steady state or transient methods. Nimmo (2009) states that the 
most accurate measurement of unsaturated hydraulic conductivity is achieved through steady 
state methods. Techniques for measuring the unsaturated hydraulic conductivity and detailed 
descriptions are provided in (Klute, 1972; Klute and Dirksen, 1986; Dirksen, 1991; Benson and 
Gribb, 1997; Bicalho et al., 2007). Traditional steady-state methods are recommended by 
Benson and Gribb (1997) for laboratory determinations of unsaturated hydraulic conductivity 
because most steady state methods use an inversion of Darcy’s law. The use of Darcy’s law 
is simple, free of ambiguities and contains no assumptions that are difficult to verify. However, 
traditional steady-state methods are time consuming and typically expensive. Additionally 
steady state methods are typically associated with a low flow, therefore measurements of 
coarse textured soils, and measurements close to saturation tend to fail. In the general case 
of transient methods, the flow itself causes the water content to change throughout the soil, 
which leads to a continuously changing hydraulic head and consequently hydraulic 
conductivity. There are many methods and techniques using transient methods (Benson and 
Gribb, 1997; Nimmo, 2009). One of the most popularised transient type method is the 
instantaneous profile method for both laboratory and field applications. In the general case of 
unsteady flow, the SWRC of the soil cannot be determined simply and often requires 
independent measurement. Whilst there is additional time associated with determining the 
SWRC, measurement of the unsaturated hydraulic conductivity is considerably quicker than 
steady state methods (Benson and Gribb, 1997; Nimmo, 2009). Regardless of the 
methodology, measurement of a soils unsaturated hydraulic conductivity of a soil is less than 
ideal because it is very time consuming, costly and requires some level of training. 
Consequently, unsaturated hydraulic conductivity is often predicted through the use of 
numerical models, which require information regarding the soils SWRC and saturated hydraulic 
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conductivity. Methods for determining the saturated hydraulic conductivity of a soil are 
generally more accurate, less expensive and less time consuming. 
SATURATED HYDRAULIC CONDUCTIVITY 
Saturated hydraulic conductivity can be measured directly in the laboratory or field. 
Field methods can be further categorized as methods that require a shallow water table and 
those that do not. The most suitable method is dependent upon available equipment; soil 
properties; type of samples available; and the skills and knowledge of the operator. Ideally the 
chosen method reflects the actual in-situ soil and flow conditions (Bouwer and Jackson, 1974). 
LABORATORY METHODS 
Laboratory methods of measurements can be categorized as either constant head 
or falling head methods. Hydraulic conductivities using the constant head method are 
determined by measuring the effluent water flow over time, and is most suitable for soils with 
a relatively high hydraulic conductivity (10-4 m/d) because it allows for a constant supply of 
permeating fluid, and therefore, can be run for long time periods with minimal supervision 
(Haverkamp, 1999). For coarse soils it is preferable to supply water to the bottom of the soil 
sample generating an upwards vertical flow in order to reduce the percentage of entrapped air 
The falling head method on the other hand is used for soils with low hydraulic conductivities 
and is usually determined from the rate of change of velocity of a falling water column. 
Laboratory techniques are a relatively cheap and efficient way of measuring the saturated 
hydraulic conductivity and do not require a water table; however, laboratory methods are 
limited by soil disturbances during handling, small sample size, and loss of head at the soil-
water interface (Bicalho et al., 2007). Additionally, laboratory methods tend to produce lower 
hydraulic conductivities than field methods, which is primarily results due to the disruption of 
naturally occurring pore networks that arise from sample collection.  
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FIELD METHODS 
Field methods used to measure hydraulic conductivity above the water table are 
based on infiltration into an unsaturated soil. Methods of measurement for shallow water tables 
are described in detail by Bouwer and Jackson (1974) and Klute and Dirksen (1986). Shallow 
water table methods, even under the best circumstances, are not able to reach the true 
saturated hydraulic conductivity as a percentage of entrapped air will always exist, and 
therefore these methods give a value for the field saturated hydraulic conductivity. Field 
saturated hydraulic conductivities are known to vary between methods, sites and initial soil-
water conditions. Field methods used to measure ground water systems are typically carried 
out using slug or pumping tests. 
SLUG TESTS  
 In general, slug and pumping tests are used to determine the in-situ properties of 
water bearing formations and used to define the overall hydrogeological regime (OEPA, 2006). 
The selection of test method(s) depends primarily on the hydrogeology of the area being tested 
as well as the testing conditions (Freeze and Cherry, 1979). For example, slug tests are used 
to measure the horizontal hydraulic conductivity and are generally conducted in soils systems 
that exhibit low hydraulic conductivities. Slug tests may also be used to determine the vertical 
hydraulic conductivity by performing a series of slug tests at discrete vertical intervals (Butler, 
1998). Slug tests should be conducted in properly designed wells/piezometers, and are only 
representative of the soil within the immediate vicinity of the well. Hydraulic conductivity is 
measured when a slugged dropped or removed from the well displaces water (see Figure 
12Error! Reference source not found.). The displacement of water needs to be sufficiently 
large to ensure that build-up or drawn-downs of the water level within the well can allow for a 
reading without the causing significant changes in the thickness of the saturated zone (Dawson 
and Istok, 1991). Kruseman and de Ridder (1990) suggests inducing water level changes 
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between 10 to 50 centimetres. OEPA (2006) provides a detailed summary of methods used 
for a variety of hydrogeological scenarios.  
PUMPING TESTS 
Pumping tests are categorised as either single or multiple well pimping tests. Both 
pumping test methods require pumping water into a well at a continuous rate and measuring 
the change in water levels within the well(s). Single pumping well tests involves pumping water 
a constant or variable rate and measuring changes in water levels in the pumped well during 
pumping and recovery, and are generally used for soils that have high hydraulic conductivities. 
The pumping tests were carried out using a minimum of three stages with a minimum of 60 
minutes per stage, and each stage should be long enough so that drawdown data plotted on 
a semi-log produces a straight line. A summary of authors successfully using the single pump 
tests for a variety of hydrogeological profiles has been summarised by OEPA (2006). Multiple 
well test methods were divided into two sub categories, which are the constant discharge and 
variable discharges methods. In both cases the methods employ a single well for pumping with 
numerous observation wells placed within known distances of the pumping well The constant 
Figure 12: Diagram of slug test variables (Warren et al., 1996) 
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discharge method is conducted using a constant pumping rate for the entire duration of the 
tests, whereas, the variable discharge method utilizes varying pumping rates. Detailed 
descriptions of these methods can be found in Lohman (1972), Walton (1987), Kruseman and 
de Ridder (1990) and Dawson and Istok (1991). Preliminary testing of the hydrogeological 
profile is useful for determining the most appropriate method of measurement. Some examples 
of preliminary data that is useful for determine the most suitable method includes, but is not 
limited to: type of water-bearing zone; depth, thickness and lateral extent of any confining beds, 
location and effects of neighbouring pumping wells that may affect the flow regime; location of 
testing area and distances from hydraulic boundaries. Pumping rate(s) should be sufficiently 
large so that the ground water zone is stressed and drawdown can be adequately measured. 
It should be noted that the water table for unconfined formations should not be lowered by 
more than 25 percent (Dawson and Istok, 1991). For confined formations, pumping rate(s) 
should not readily dewater the pumping water. Observation wells. It is recommended by 
Kruseman and de Ridder (1990) that a minimum of three observation wells should be installed, 
however, the appropriate number of wells should depend on: the objectives of the study; 
desired accuracy; and the intricacy of the hydrogeological system. Placing observation wells 
10 to 100 meters from the pumping well is generally adequate for determining hydraulic 
parameters (OEPA, 2006). The successful use of multiple pumping tests methods are 
summarised for a variety of hydrogeological conditions by OEPA (2006). 
 Soil Water Retention Curve 
A soil water retention curve (SWRC) is a mathematical function used to describe 
the relationship between soil suction and water content. The soil water retention curve is also 
commonly referred to as the soil water characteristic curve or moisture retention curve 
throughout literature. Water retention was chosen as the preferred term for this study because 
it is the most suggestive of drainage (or drainage retardation). As a soil drains, the relationship 
between water content and suction is generally labelled as the primary drying boundary curve. 
The term drying is interchangeable with drainage as a loss of water implies that drainage is 
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occurring (Reynolds, 1993). As a soil desaturases, water stored in the largest soil pores is 
removed first. Coarse textured soils that contain a significant number of large pores retain less 
water than finer soils. For granular soils, the texture or grain size distribution can be related to 
the soil pore size distribution as larger particles will have larger pore spaces between them. 
Therefore, the soils texture clearly will have a strong influence on the soil water retention curves 
shape. Consequently, coarse soils generally have a greater rate of change in suction and 
volumetric content and is characterised by a steeper gradient on the SWRC curve. Typical 
SWRC’s for sand, silt are shown in 13.  
According to Fredlund et al. (2012) a soil water retention curve can be broken down 
into three zones of desaturation, which are: the saturated, transitional, and residual zones 
(Figure 14).  
Figure 13: Effects of Texture on the SWRC according to (Fredlund et al., 2012) 
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The saturated zone is often simulated using principles of saturated soil mechanics 
i.e. Darcy’s law for saturated flows, whereas, the transitional zone is simulated using the 
principles unsaturated soil mechanics. The residual zone while unsaturated has its own 
phenomena that dominates in the low suction range (Fredlund et al., 2012). Mathematical 
functions are most commonly used to express the drainage curve such as the (Gardner, 1958a) 
equation, generally utilize shape parameters to define the soil water retention curves shape, 
and these parameters are typically related to intrinsic soil properties like particle and pore size 
distributions. There are four key parameters that can be attributed to any soil water retention 
curve (Pham, 2003; Fredlund et al., 2012). These are the saturated water content (θs), slope 
of the curve (s) at the inflection point, air entry value (AEV), and residual water content (θr). 
Not all equations makes use of these shape parameters, but the majority of models require the 
saturated and residual water content as well as the air entry value to be known. The saturated 
water content is the water content at zero suction and determines the maximum water storage 
capacity of the soil. The air entry value, lambda and residual water content all relate to the 
curves inflection point, which is defined as the point at which the curve changes from being 
Figure 14: Estimating the air entry value and residual water content for a coarse grained soil 
using the Vanapalli (1998) method 
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concave to convex in the transitional zone. The inflection point can obtained approximately 
through observation or accurately calculated (Zhai, 2012). The air entry value and residual 
water content of a soil define the desaturation zones and therefore the range of suction values, 
and are the most frequently used parameters for SWRC prediction. The air entry value (or 
bubbling pressure) is the point at which water in the largest pores of a soil begins to drain and 
is replaced by air, and it defines the start of the transitional zone. There are a number of 
definitions proposed for the residual content, however, most investigators treat the residual 
water content as a fitting parameter with no real physical significance (Siddroupoulos and 
Yannopolous, 1988; Luckner et al., 1989; Nimmo, 1991; van Genuchten, 1991; Kosugi, 1994; 
Vanapalli, 1998) or avoid the controversy altogether by introducing a correction factor 
(Fredlund and Xing, 1994; Fayer and Simmons, 1995). One reason for treating the residual 
suction as a shape parameter with less physical meaning is that the different models of the 
soil-water characteristic curve produce different results (Kosugi, 1994).. Another reason is that 
the residual water content is not the lowest possible value for water content (Vanapalli, 1998). 
Theoretically, the SWRC suction range is infinitely long; however, the Gibbs free energy state 
equation for water vapour shows that water movement becomes negligible once suctions reach 
106 kPa, and therefore has been used to define the maximum soil suction (Fredlund and Xing, 
1994). In regards to soil cover systems that are vegetated, it is useful to define the residual 
water content as the permanent wilting point. In context, the residual suction can be considered 
as the point at which suction restricts the absorption of water by plants, which will die if soil 
water is not replaced. Key parameters of an SWRC are usually obtained through parameter 
optimisation methods (Qian, 2016). Parameter optimisation is generally carried out through 
curve fitting, which is the process of constructing a mathematical function that has the best fit 
to a series of data points. In context, the collected data is the measured soil-water retention. 
The slope of the curve is commonly used to represent the pore size index (λ) of a soil and can 
be determined by drawing a tangent through the inflection point and calculating its gradient. 
Texture and soil constituents, such as organic matter, strongly influence a soils pore size and 
its distribution network, and in general, the gradient of the slope decreases with increasing 
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fineness (Fredlund and Xing, 1994; Fredlund et al., 2012). Fredlund and Xing (1994) proposed 
that the air entry value and the residual suction can be estimated by drawing two more tangents 
at the point of maximum change for the curve in the saturated and residual zones (Figure 14). 
A full set of procedural steps can be found in the paper by Vanapalli (1998). Using the method 
proposed by Vanapalli (1998), the air entry value and residual volumetric water content can be 
approximated for any SWRC curve. The values for the coarse fraction found by Mudd et al. 
(2005) study are estimated to be 1 kPa and 10 kPa respectively, which is comparable to a 
sandy soils (see Figure 13). Correlation equations between SWCC variables and fitting 
parameters have been proposed by Zhai (2012). 
 Equations Used to Describe The Soil Water 
Retention Curve 
Considering that the soil water retention curve (SWRC) provides the primary piece 
of information required to assess a soils hydraulic function and storage capacity, it is crucial 
that it is obtained accurately. Due to a lack of present hydraulic data and predictions conducted 
on coal ash, it is necessary to determine the SWRC through direct measurements opposed to 
relying solely on predictive methods. In nearly all scenarios, it is not practicable to directly 
measure the SWRC over the full range of suction values, and therefore it is typical for several 
sets of experimental data to be collected and corrected using best-fit equations. Fredlund et 
al. (2012) compiled a large number of popular and well used empirical equations for fitting 
SWRC data for models. Other reviews have been carried out by the likes of Mualem (1986), 
Reynolds (1993) and Marshall (1996), which provide a historical overview of popular equations 
provides some understanding to the development for some of these models. The majority of 
SWRC equations require three or more parameters, and in nearly all cases are related to the 
air entry value and therefore the slope of the curve. Leong and Rahardjo (1997) found that 
SWRC parameters are usually inter-dependant and therefore different combinations of 
parameters may result in the same SWRC curve. Table 4 provides a summary of the soil water 
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retention curve models that have been identified as suitable for the determination of sandy 
soils.  
The Gardner (1958a), van Genuchten (1980), Fredlund and Xing (1994) and Brooks 
and Corey (1964) equations have all emerged as a small group of well-known SWRC 
equations, which have been validated for a large range of soil types. Given that popular SWRC 
curves are not developed for specific soil types it is necessary to determine the model most 
suitable for the study soil. Experimental data fitting curves are generally correlated through 
error minimisation techniques, such as least-squares regression. There are two main issues 
associated with popular SWRC models which are: asymptotic behaviour once the residual 
suction has been reached, that results in a constant water content greater than zero; and 
Table 4: Summary of SWRC models suitable for coarse coal ash 
Model Equation No. 
(van 
Genuchten, 
1980) 
𝛩𝑛 =
1
(1 + (𝛼 ∙ 𝜓)𝑛𝑣)𝑚𝑣
 (9 ) 
(Brooks and 
Corey, 1964) 
𝛩𝑛 = {    
[
𝜓
𝜓𝐴𝐸𝑉
]
−𝜆
, 𝑥 ≥ 𝜓𝐴𝐸𝑉
1, 𝜓 < 𝜓𝐴𝐸𝑉
 (10 ) 
(Gardner, 
1958b) 
𝛩𝑛 =
1
1 + (𝛼 ∙ 𝜓)𝑛𝑔
 (11 ) 
(Fredlund and 
Xing, 1994) 
𝜃(𝜓) = 𝐶(𝜓) ∙
𝜃𝑠
{𝑙𝑛 [𝑒 + (
𝜓
𝑎𝑓
)
𝑛𝑓
]}
𝑚𝑓
 
𝐶(𝜓) = 1 − 
𝑙𝑛 (1 +
𝜓
𝜓𝑟
)
𝑙𝑛 [1 + (
106
𝜓𝑟
)]
 
( 12 ) 
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discontinuity of the curves in the high suction range that are the result of partial differentials 
that are used to form the SWRC over the entire suction range. For example, the Brooks and 
Corey (1964) model assumes that under saturated conditions, water flow is linear until the air 
entry value has been reached, at which point, the curve transforms and becomes a highly non-
linear function. Partial differentials can be used to describe both the linear function and the 
highly non-linear function. Discontinuities in SWRCs typically occur when soils do not have a 
well defined air entry value. A defined air-entry value typically corresponds to soils that have 
rapid changes in water content at low suctions, such as fine-grained soils. A number of 
alternative SWRC equations and modifications to pre-existing equations are available to 
improve the best fit; however, it is only necessary to consider these options if traditional 
methods fail. Siller (1997) carried out an extensive review of nine popular SWRC equations 
and assessed their ability to model the SWRC using the Akaike (1974) Information Criterion. 
The Akaike (1974) Information Criterion is a statistical indicator of the relative quality of 
statistical models for a given set of data. Given a collection of models for one data set, The 
Akaike (1974) Information Criterion estimates the quality of each model relative to the other 
models, and is commonly used for model selection. Siller (1997) used to The Akaike (1974) 
Information Criterion to assess the best performing model for nine SWRC models using a 
database containing 231 soils. All four of the previously mentioned models identified as 
suitable for sandy soils were investigated by Siller (1997). It was found that the Fredlund and 
Xing (1994) and the van Genuchten (1980) were the two highest performing models, with 
Akaike (1974) Information Criterion values of -1007 and -824 respectively. The Akaike (1974) 
Information Criterion for the Brooks and Corey (1964) and Gardner (1958a) equations were not 
quantified by Siller (1997), however, through observation the values were determined to be 
roughly -730 and -720 respectively. Webb (2014) and Mudd et al. (2005) both investigated the 
retention behaviour of bottom ash. Webb (2014) used the van Genuchten and Mudd et al. 
(2005) used the Fredlund and Xing (1994). Webb (2014) found that there was a good fit 
between the van Genuchten (1980) model and the measured retention data, obtaining an R2 
value greater than 98%. Mudd et al. (2005) did not quantify the relationship between the 
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estimated SWRC to the measure data set. Both authors did not compare the performance of 
other water retention models, and so it can be seen there is still a large gap in the knowledge 
required to numerically estimate the SWRC of coarse coal ash. 
 Pedo-Transfer Functions 
Direct measurements of unsaturated soil properties in the laboratory and field are 
typically time consuming and expensive, especially for the hydraulic conductivity function. 
Pedo-Transfer Functions (PTF’s) have been developed as a means to predict unsaturated 
properties from basic soil data such as grain size distribution, porosity and bulk density. The 
majority of Pedo Transfer Functions used to predict unsaturated soil properties are related in 
some way to the grain size distribution of the soil. A summary of PTF’s that make use of the 
particle size distribution can be found in Table 5. 
 A strong relationship exists between the shape of a soils particle size distribution 
curve and it’s SWRC, and therefore PTF models are often developed using particle size 
distribution shape parameters. For example, (Aubertin et al., 2003) found that for granular soils 
the inverse of the uniformity coefficient (Cu) was a close approximation the Fredlund and Xing 
(1994) ‘m’ shape parameter where: Cu =1, m =1. Several models have been proposed for 
estimating the SWRC using grain size distribution, which are categorized as functional 
parameter regression models or semi-empirical models (Fredlund, 2012). Functional 
Table 5: Summary of Pedo Transfer Functions using particle size distribution and Suitable 
for coarse coal 
Author Model Eq. 
Arya and Paris 
(1981) 
𝜓𝑖 =  
2𝜎
𝑝𝑤 ∙ 𝑔 ∙ 𝑅𝑖√(
2 ∙ 𝑒
3 ) ∙ (𝑛𝑖)
1−𝛼
 
( 13 ) 
Modified 
Kovac’s - 
(Aubertin et 
al., 2003) 
𝜃 = 𝑛 ∙ [1 − 〈1 − 𝑆𝑎〉 ∙ (1 − 𝑆𝑐)] ( 14 ) 
Fredlund 
(2000) 
𝑉𝑣𝑖 =  
𝑊𝑖
𝐺𝑠 ∙ 𝑝𝑤
∙
𝑛𝑝
(1 − 𝑛𝑝)
 ( 15 ) 
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parameter models relate basic measureable soil data to shape parameters on soil water 
retention curves using multi-linear regression or artificial neural networks. For example, Rawls 
and Brakensiek (1985) proposed regression equations to determine SWRC parameters used 
in the Brooks and Corey (1964) model, which included the air entry value, slope of the curve, 
and residual water content. One functional parameter type model for granular soils that is 
gaining traction in the unsaturated soil field is the Modified Kovac’s equation proposed by 
Aubertin et al. (2003). The Modified Kovac’s equation assumes that water retention occurring in 
the low and high suction range due to capillary and adhesion forces respectively. The water 
retained due to adhesion and capillarity, is related empirically to the soils equivalent pore 
diameter (hco), coefficient of uniformity (Cu) and the grain size diameter at 10% passing by 
weight (D10). The biggest limitation of the functional parameter type models is that that this type 
of model generally ignores physical mechanisms that govern water retention. Wosten (2001) 
stated that a clear disadvantage of functional parameter models is that a large number of 
regression equations are required to quantify the full SWRC. Opposed to translating measured 
soil properties into SWRC shape parameters, physico-empirical models use basic soil data as 
a direct input for predicting the SWRC function. One of the most well-known semi-empirical 
models related to grain size distribution was presented by Arya and Paris (1981). Arya and 
Paris (1981) provided a method for estimating suction by relating a particle sizes pore radius 
to soil suction using capillary theory. This was achieved by dividing the cumulative grain size 
distribution into a number of fractions and assuming that each size fraction was able to ‘pack’ 
into a discrete domain that could be translated into an equivalent pore volume and a particular 
volumetric water content could be calculated. Another popular physico-empirical SWRC model 
is the Fredlund (2000) model which assumes that; the particle size distribution curve can be 
broken down into a number uniform homogenous particle sizes, and that the air entry value 
can be estimated for each particle size fraction (Harr, 1977; Fredlund, 1997b). It is assumed 
that each fraction has its own unique drainage curve that when summed together produces a 
SWRC equation that represents the entire soil sample. Fredlund (2000) equation provides a 
continuous fit over the entire grain-size distribution curve and is therefore applicable to a large 
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soil texture range, including coarse and fine extremes. Nimmo (2005) stated that physico-
empirical equations work reasonably well for sandy soils; however, the correlation between 
grain size and pore size does not always hold. Currently there does not appear to be anyone 
in literature who has reported a suitable PTF for estimating the SWRC of coarse coal ash, 
however, there are a number of PTF equations that are considered suitable for estimating the 
SWRC for sandy soils. Fredlund (1997) found that the SWRC determined from particle size 
distribution data is the most feasible for silt and sand soils. Minsany et al. (2008) and Pachepsky 
(2015) discussed in detail the shortcomings of common PTF equations and model types, as 
well as the associated level of uncertainty. One relevant issue associated with Pedo transfer 
Functions is that many of the available modelling programs used to simulate water flow through 
soils, requires knowledge of the van Genuchten (1980) shape parameters. Consequently, a 
Pedo Transfer Function that estimates van Genuchten (1980) shape parameters is required 
unless a method was developed to translate shape parameters between different models 
types. 
 Equations Used to Describe the Hydraulic 
Conductivity Function 
The hydraulic conductivity function (HCF) describes the relationship between a soils 
hydraulic conductivity and volumetric water content (or suction). As water drains from a soil, 
the available pathways for water to travel are reduced and hydraulic conductivity generally 
decreases by several orders of magnitude. The hydraulic conductivity function can be 
expressed in terms of volumetric water content, suction or pressure head, and is obtained 
through fitting HCF models to measured, or through numerical prediction. Measuring the 
unsaturated hydraulic conductivity of a soil is extremely difficult and time consuming. Most 
measurements are obtained indirectly through measuring the flow of water, and applying 
unsaturated theorems such as Darcy’s law. Darcy’s law, whilst popularised for its use in 
saturated soil mechanics can also be applied to unsaturated soils by assuming that the air 
phase is non-compressible; and that water only flows through pores that are filled with water. 
 60 
Measured hydraulic conductivities of soil are often expressed as the relative hydraulic 
conductivity, which is considered the ratio between measured saturated hydraulic conductivity 
and measured hydraulic conductivity. The relative hydraulic conductivity must range between 
0 and 1. The determination of relative hydraulic conductivity is sensitive to the type of 
measurement equipment. Most of the available methods used to determine hydraulic 
conductivity do not perform well over the entire suction (or water content) range, and are often 
developed for specific soil types (Gallage et al., 2013). It is preferable to estimate the HCF 
through the use of numerical models, however, if the model has not been validated for a 
specific soil type then it is not particularly reliable. It has been theorised that the SWRC and 
the HCF are congruent , with a strong relationship between the shapes of the two functions 
(Pachepsky, 2011). Assuming that the SWRC and the HCF are congruent, then HCF models 
that make use of SWRC shape parameters provide a reasonable estimation. Table 6 provides 
a summary of Hydraulic Condcuctivity Functions determined to be suitable for coarse pond 
ash. 
ESTIMATING THE HYDRAULIC CONDUCTIVITY 
FUNCTION 
Pedo Transfer Functions used to estimate the hydraulic conductivity function (HCF) 
are categorized using four broad categories, which are: empirical models; statistical models; 
Table 6: Summary of Hydraulic conductivity functions suitable for coarse pond ash 
Author Model Eqn. No. 
Brooks and Corey 
(1964) 
𝐾(𝜓) = 𝐾𝑠 ;   
𝐾(𝜓) = 𝐾𝑠 ∙ (
𝜓
𝜓𝑎𝑒𝑣
)
2+3𝜆
 
( 16 ) 
Gardner (1958) 𝐾(𝜓) =  𝐾𝑠 ∙ 𝑒
−(𝛼 ∙ 𝜓) ( 17 ) 
Averyanov (1949) 𝑘(𝜓) = 𝑘𝑠 ∗ 𝛩𝑛
𝟑.𝟓
 ( 18 ) 
van Genuchten 
(1980) 𝐾𝜓 = 𝐾𝑠 ∙ 𝛩
𝐼 ∙ [1 − (1 − 𝛩𝑛
1
𝑚)
𝑚
]
2
 ( 19 ) 
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correlation models; and regression models. Empirical models recognise that a relationship 
exists between the shape of the soil water retention curve (SWRC) and HCF, e.g. Brooks and 
Corey (1964). Statistical models use a physical model for the assemblage of pore channels e.g. 
Childs and Collis-George (1950) use an integration procedure along the SWRC, which requires 
continuity of the SWRC. Correlation techniques utilise an additional soil parameter to relate the 
SWRC to the HCF (Leong and Rahardjo, 1997). Regression models refer to curve fitting 
methods and are used to identify the best possible equation by optimising the fit of the curve 
or through the use of computer software that completes parameter optimisation automatically 
e.g. the RETC code (van Genuchten, 1991). Each model type mentioned above is discussed 
in further detail by (Fredlund et al., 2012). Mualem (1986) completed an extensive review for t 
the state of the art HCF prediction methods and formulas at the time (1986), and concluded 
the review by providing four possible scenarios in which the hydraulic conductivity function 
could be obtained. One of scenario described by Mualem (1986), “Case B” outlines the 
necessary steps to determine the HCF from the SWRC and the saturated hydraulic 
conductivity. In summary, measured SWRC data should be extrapolated into the transition 
zone to approximate the residual air content. The SWRC should then be fitted against a variety 
of SWRC equations and the highest correlation should be used as the criterion for choosing 
final parameter values. The majority of unsaturated hydraulic conductivity prediction models 
use the SWRC and the saturated hydraulic conductivity of the soil as variable inputs (Fredlund 
et al., 2012). For example in nearly all cases, the HCF requires the residual water content to be 
determined, however, it is rarely measured due to time or costs. Kunze et al. (1968) 
investigated the effects of using a partial SWRC curve for predicting the HCF, and found that 
full curves provide significantly higher accuracies, which places emphasis on the accurate 
measurement of the SWRC and best fitting methods. PTF’s can be used to estimate both the 
saturated hydraulic conductivity and SWRC, however, using estimated values as an input into 
the HCF may result in a progression of inaccuracies and a misrepresentation of the study soil 
(Wosten, 2001). In general, the estimation of the HCF for coarse soils is generally more 
accurate than for fine textured soils (Fredlund et al., 2012). Similar to SWRCs, PTF’s used to 
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predict the HCF are limited in their use because they are general equations that may not apply 
to all soil types. For example, conventional HCF equations do not account for variation in 
physical and chemical properties of the soil, which may significantly affect the outcome of the 
HCF, or any unsaturated PTF function for that matter (Wosten, 2001; Pachepsky, 2015). To 
save computer time on numerical solutions it is suggested that a closed- from (continuous) 
function is be used (Mualem, 1976; Mualem, 1986; Brooks and Corey, 1964; van Genuchten, 
1980). Statistical models are the most rigorous for permeability functions, which uses the 
SWRC for deriving the unsaturated hydraulic conductivity (Leong and Rahardjo, 1997). 
Equations considered suitable for the predicting the HCF of coarse coal ash are summarised 
in Table 5. The HCF were selected for their use on coarse grained soils as well as their 
simplicity, and continuity. Moreover, the models in have been widely used in literature for their 
prediction of HCF’s. Mualem (1976) tested 45 soils with a number of statistical HCF equations, 
and found that the Averyanov (1949) model yields good results for sandy soils. Mualem (1986) 
also found that the Gardner (1958b) model to be a very simple continuous function that works 
well for coarse materials with a steep gradient and well defined air entry value. Similarly, the 
Brooks and Corey (1964) model also is suitable for coarse textured soils given that water content 
is fixed over the saturated range where there is a distinct air entry value (van Genuchten, 1991; 
Kosugi, 2002). Gallage et al. (2013) investigated the HCF for two sandy soils (Edosaki and 
Chiba), which had comparable hydraulic properties to Loy Yang’s coarse pond ash determined 
in Mudd et al. (2005) investigation, in particular the Edosaki soil. The saturated hydraulic 
conductivity of the Edosaki soil is in the order of 10-5 m/s, with a saturated volumetric water 
content in the range of 0.35 and 0.45, with a dry density of 1220 kg/m3 and 1350 kg/m3 
respectively. The air entry value and residual volumetric water content are approximately 1 
kPa and 10 kPa respectively. The steps taken to obtain a predicted HCF in Gallage et al. (2013) 
paper follows the same procedural steps set out in Mualem (1986) - Case B. The SWRC curve 
was fitted against three popular SWRC equations, which included, the van Genuchten (1980) 
and Brooks and Corey (1964). It was found that both the van Genuchten (1980) and Brooks 
and Corey (1964) hydraulic conductivity gave good estimates for sandy soils (Edosaki). 
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 Chapter Summary 
In this chapter, SWRC models suitable for coarse ash were identified and 
summarised. The suitable models are very well known in unsaturated theory, have been tested 
for a large range of soil types and have proven to be useful for sandy soils. PTF’s used to 
estimate the SWRC from particle size distribution and PTF’s used to estimate the HCF suitable 
for coarse ash were also summarised. PTF’s that make use of the PSD were investigated for 
estimating the SWRC because it has been shown that SWRC’s and PSD’s are strongly related. 
PTF’s used to estimate the HCF were chosen for their suitably for sandy soils. Methods of 
directly measuring the SWRC in the laboratory and field were also reported; most of these 
methods are related to the experimental aspect of this study (see Chapter 5), which are: 
capacitance probes and Tensiometers. Methods of measuring unsaturated hydraulic 
conductivity in the laboratory and field were also reported on.  
 Spatial Variation of Ash Properties 
Primary Objective: 
 To assess and discuss the extent of spatial variability and its effects on the 
hydraulic behaviour of coarse coal ash 
Previously mentioned in Chapter 1, prior research has shown that Loy Yang’s pond 
ash has complex soil- water retention characteristics that depend upon the particle size 
distribution, char content and degree of compaction, which all vary substantially. Saturated 
hydraulic conductivity is also known to be highly sensitivity to these properties and is known to 
vary significantly even over short spaces. Assessing the significance of the variations in the 
ash’s physical properties to the ash’s hydraulic response on the full-scale plot is essential to 
understanding the drainage performance of the ash layer. 
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 Sample Collection 
Ash was extracted from nine equally spaced locations across the crest, middle and toe 
of the trial slope (Figure 15). Sampling was carried out over the 10th and 11th of February, 2017, 
requiring a dozer to strip the 1 m clay cover until the ash surface was exposed. To account for 
possible variations in ash properties that occur, the full depth of the ash layer was sampled. It 
would be beneficial to investigate the ash’s anisotropic behaviour that occurs with depth, 
however due to time constraints it was necessary for this project to have each location 
represented as an average. Ash was extracted using a hand shovel and the height of the ash 
layer was measured. The thickness of the ash layer was found to vary between 1.00 and 1.35 
m +/- 0.01 m. Sampling bags used to contain the ash were temporarily sealed using cable ties, 
labelled using the coding system shown in Figure 15, and then stored out of direct sunlight 
until all sample locations were completed.  
Void spaces in the slope created by sample collection were backfilled using coal ash from the 
North ash pond and re-covered to minimise disturbances to the slope. The sample bags were 
then transported to the Geotechnical and Hydrogeological Engineering Research Group 
(GHERG) laboratories and stored in a cool room set at 12.5 °C. In the laboratory, each sample 
Figure 15: Sampling Program example showing approximate sampling 
locations in reference to the slope boundary 
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location was thoroughly mixed using a soil scoop to obtain relatively homogenous sample that 
represents the material taken from the full depth, with the aim of minimising the effects of 
variability in sub samples. 
 Survey 
The trial area was surveyed using the Latrobe Valley Grid system using the Global 
Navigation Satellite System (GLONASS), and boundary locations were able to be determined 
within 5 mm. At the time of sample collection, a survey had not been undertaken and 
subsequently the sampling locations could not be determined with complete accuracy. It was 
known that the samples were collected a minimum distance of 5 m from any of the slope 
boundaries, and were taken approximately at equal distances from each other. A summary of 
the co-ordinates for the sampling boundary can be found in Table 7 and sampling locations 
can be found in Table 8. These coordinates of the boundary locations and sampling locations 
are displayed visually in Figure 16. 
 
Table 7: Co-ordinates of surveyed boundary for coal ash trial 
 Location Elevation (m) E (WGS84) N (WGS84) 
Boundary 
Top Right 57.51 38'14'13.222782 146'32'48.649591 
Top Left 57.15 38'14'14.368388 146'32'49.41994 
Bottom Right 31.01 38'14'12.059667 146'32'51.610523 
Bottom Left 31.03 -38'14'13.26628 146'32'52.25513 
Middle Right 44.27 38'14'12.637139 146'32'50.140680 
Middle Left 43.83 38'14'13.739290 146'32'50.85443 
 
Table 8: Co-ordinates of surveyed sampling locations for coal ash trial 
 Location Depth of ash (m) Eastings (⁰) Northings (⁰) 
Testing 
Locations 
L1 1.35 -37.76296043 146.547018 
L2 1.05 -37.76288082 146.5470713 
L3 1.1 -37.76280121 146.5471358 
L4 1.1 -37.76307981 146.5473109 
L5 1.1 -37.76300327 146.5473604 
L6 1.25 -37.76292674 146.54741 
L7 1.2 -37.76319199 146.5476048 
L8 1.3 -37.7631179 146.5476576 
L9 1.15 -37.76303225 146.5477121 
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 Particle Size Distribution Analysis 
Particle size distribution analysis of soils is often carried out using a combination of 
dry mechanical sieving and hydrometer analysis. Soils containing mostly silt and clays do not 
always break down well under dry conditions, which may result in an inadequate degree of 
separation between the coarse and fine fraction. When soils dry, fine particles have a natural 
tendency to form clumps or ball together (agglomerate). Clumped fines are produced due to 
inter particle bridging, Van-der-Waals and electrostatic forces. The strength of the ball clumps 
depends on the concentration of calcium, magnesium, sodium and salt content of the soil. 
Additionally, fine particles often build up on the inner-walls of a sieve nest due to electrostatic 
forces, adding weight to the coarse material. Adding water into the mechanical process assists 
with breaking down the agglomerated clumps and providing a truer representation of the soils 
particle distribution. For this study, the method of dry mechanical sieving follows ‘AS 1289.3.6.1’ 
and is used to describe the distribution of particles between the range of 2 mm to 0.075 mm, and 
hydrometer analysis following ‘AS 1289.3.6.3’ is used to describe the distribution of particles 
L6 
Figure 16: Survey co-ordinates for coal ash trials - boundary and 
sampling locations 
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below 0.075 mm. Due to the Australian Standard for wet sieving being “withdrawn”, the 
procedure for wet sieving analysis was conducted using method ‘3.3.3.’ described by Retsch 
(2009) with some modifications made. The procedure for wet sieving involves; Soil samples 
were dried using a 100 ⁰ C oven for a minimum of 12 hours. Once dried, soil samples were well 
mixed and split into six sub samples for testing using a weight scale accurate to 0.01 g. The 
weight of material on each sieve was extracted by placing a soil sock over the end of a funnel, 
inverting the sieve and pushing soil grains out with water pressure. The weight of each soil 
sock was recorded so that after collecting the retained material, the sock and soil were be 
placed directly into the oven. The dried material and soil sock were then placed directly on the 
measuring scale, and the weight of soil was calculated by removing the dry weight of the soil 
sock from the total dry mass. The use of soil socks allow for the wet sieving to be carried out 
relatively quickly given that no time was spent waiting for the sieve stacks to dry. During the 
early stages of the testing program it was observed that pressure was building up within the 
sieve nest, and was retarding the movement of soil particles. Venting rings were known to 
relieve the pressure building up within the sieve nest and therefore venting rings were 
fashioned from a PVC pipe that had the same internal diameter as the sieves (Retsch, 2009). 
Each ring was made to have a thickness of 5 mm and grooves were cut periodically around 
the ring, which allowed for the pressure release. 
 Apparatus 
Dry sieving was carried out using a ‘Controls – D11’ automatic sieve shaker with 
‘ASTM – E11’ sieve nest that has an internal diameter of 203 mm. The sieve shaker operates 
at 327 oscillations per minute and 40 vertical blows per minute providing lateral and vertical 
mechanical action. Fine material retained in the bottom pan was used for hydrometer analysis. 
Wet sieving was carried out using a ‘Fritsch’ vibratory shaker with a ‘BS -410’ sieve nest that 
has an internal diameter of 200 mm. The amplitude was set to 0.7 mm with intermittent intervals 
of 4.5 s Post sieving soil was collected using a funnel with top diameter of 300 mm and a bottom 
diameter of 10 mm. Soil socks were created from tea bags and used to collect soil leaving the 
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funnel. Hydrometer analysis was carried out in a 1L graduated cylinder with a ‘controls 22- 
T0060/B’ soil hydrometer that has a measurable range of -5 to 60 g/l. Sodium 
hexametaphosphate was added to the fine fraction (<0.075 mm) and left to rest for a minimum 
of 12 hours, at which point the sodium hexametaphosphate was considered to be completely 
dispersed through the soil sample. 
 Sieving Methods (Wet vs. Dry) 
Particle size distribution curves were obtained for all nine locations using the wet 
and dry sieving methods (see Appendix B.1). Particle size distributions for all location was 
triplicated for both the wet and dry sieving methods, which were then averaged to produce a 
single PSD curve for both the wet and dry methods. The data is best shown as a range of 
maximum and minimum values for both the wet and dry sieving methods (see Figure 17). 
Under dry conditions, the maximum and minimum range of measured PSD’s corresponds to 
sampling Location 2 and sampling Location 7 respectively. The amount of fines passing the 
75μm sieve ranges from 9.80% to 18.61%, with a mean of 13.69% and a standard deviation of 
3.12%. In all cases, the material retained on the 150 μm sieve was greater than 20% of the 
total soil mass. PSD curves measured using the dry sieving methods were found to have a 
noticeably lower fines content passing the 75 μm sieve then the coarse fractions found in 
Kacavenda (1994), Jacobson (2011b), and Earth Systems (2016), which are 23%, 26% and 
24% respectively. However, under wet conditions the measured PSD shows a better 
comparison to the previous works. The maximum and minimum PSD range using the wet 
sieving methods corresponds to locations 9 and 1 respectively. Figure 17 provides a visual 
representation of range of particle size distributions obtained for the two sieving methods. 
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 It was found that the wet sieving method led to an average increase of 10% for the 
percentage of fines passing the 75 μm for all locations. The greatest change as observed in 
Location 9 (17.04%) and the smallest change occurring in Location 1 (3.35%). The wet sieving 
methods is considered to be a better representation of the ash’s actual PSD. If the results from 
the wet sieving are not used then critical information relating the hydraulic behaviour of the ash 
may be lost. For example, it is well-known that the fine fraction significantly affects the hydraulic 
conductivity of soils, and therefore, if the fine fraction is not accurately obtained then the 
relationship between PSD and hydraulic conductivity will be unreliable. Additionally, 
subsequent uses such as Pedo-Transfer Functions e.g. estimation of the soil water retention 
curve, that make use of the PSD curve may significantly overestimate the hydraulic behaviour 
of the ash if the fine fraction is not accurately represented. In reality, it is far more practical to 
measure the PSD using dry sieving methods and it would be useful to create a relationship 
between the dry and wet sieving methods to expedite the sieving process. It should be noted 
that a higher fines content can be obtained using the dry sieving method if the ash is completely 
Figure 17: Range of particle size distributions for wet and dry sieving methods 
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crushed, however, it is unlikely that soil aggregates and clods in the field would break down the 
same way they do in the laboratory and there is a high risk of particle crushing.  
CLAY FRACTION 
The clay fraction is considered to be soil particles with a diameter of 2 μm or less, 
however, it does not mean that particles of that size are necessarily clay i.e. cenospheres in 
the ash can be crushed to less than 2 μm. One of the major limitations associated with the 
hydrometer method is often the percentage passing at 2 μm particle size cannot be measured 
and requires interpolation of the particle size distribution curve. The clay fraction in this study 
is therefore an approximation of the actual, which is determined by taking the closest particle 
diameter size less than the 2 μm. Graphical methods may be used to determine the clay 
content but the overall accuracy may not necessarily improve. The clay fraction for the nine 
sampling locations ranges from 0.23 to 1.07% with a mean of 0.5% and a standard error of 
0.09%, and therefore makes up a small percentage of the overall PSD. The skewness value 
was determined to be 1.26 and the kurtosis value was determined to be 1.52, indicating a 
positively skewed leptokurtic distribution. A summary of the clay fraction for the dry sieving 
method can be found in Table 9.  
  Hydrometer analysis is not traditionally combined with wet sieve analysis; however, 
for the purposes of comparisons, this study combines the two under the assumption that wet 
sieving results in a greater percentage of the clay size fraction. Under wet conditions, the clay 
fraction ranges from 0.37 to 1.58%, with a mean of 0.87% and a standard error of 0.14%. The 
value of skewness was determined to be 0.59 and the kurtosis value was determined to be -
1.56, which indicates a positively skewed distribution. The impact of wet sieving has only a 
Sieve 
Method 
L1 
(%) 
L2 
(%) 
L3 
(%) 
L4 
(%) 
L5 
(%) 
L6 
(%) 
L7 
(%) 
L8 
(%) 
L9 
(%) 
Mean 
(%) 
S.E. 
(%) 
Skew. 
(%) 
Kurt. 
(%) 
Dry 0.49 1.07 0.34 0.23 0.67 0.44 0.35 0.69 0.26 0.50 0.09 1.26 1.52 
Wet 0.61 1.58 0.47 0.37 1.37 0.81 0.73 1.28 0.59 0.87 0.14 0.66 -1.16 
 
Table 9: Summary of results for the determination of the clay fraction for all sample 
locations including regression analysis – Comparison of dry and wet sieving methods 
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small impact on the clay fraction and does not significantly impact the outcome as for all cases, 
the clay fraction is below 2%, which is consistent with the findings of Mudd et al. (2005) and 
Earth Systems (2016). The highest and lowest recorded clay fractions are associated with 
locations 2 and 4 respectively. Light scattering techniques offer a more accurate prediction of 
the clay fraction; however, given such a low reported percentage of the slope ash, it would not 
be practical.  
 Coefficient Determination 
The Coefficient of Uniformity (Cu) and Coefficient of Curvature (Cc) were determined 
for all locations under dry and wet sieving conditions. According the Unified Soil Classification 
System (USCS) a soil is considered to be well graded if the following criteria are met; Cu ≥ 6 
and 1 < Cc < 3. 
Where; 
D10 = Diameter at which 10% of the sample mass is less than 
D30 = Diameter at which 30% of the sample mass is less than 
D60 = Diameter at which 60% of the sample mass is less than 
A summary of the calculated coefficients for all sample locations can be found in Table 10. 
 𝐶𝑢 =
𝐷60
𝐷10
 ( 20 ) 
 𝐶𝑐 =  
( 𝐷30)
2
𝐷10 ∙  𝐷60
 ( 21 ) 
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 Under dry conditions the calculated value for the coefficient of uniformity ranges 
from 2.14 to 5.71, with a mean of 4.11 and a standard deviation of 0.38. The value for 
coefficient of curvature ranges from 0.89 to 2.14, with a mean of 1.30 and standard deviation 
of 0.12. These results are similar to those found for the coarse fraction in Earth Systems (2016) 
study, which had a mean coefficient of curvature and coefficient of uniformity value of 1.33 and 
4.25 respectively. In reference to the Unified Soil Classification System, the soil is classified as 
poorly graded. Under wet sieving conditions, the calculated coefficient of uniformity ranges 
from 4.17 to 9.50, with a mean of 6.92, and a standard deviation of 1.69. The coefficient of 
curvature values ranges from 0.96 to 1.61, has a mean of 1.29 and a standard deviation of 
0.20. All locations, bar locations 1, 3 and 4, are considered to be well graded. The mean 
coefficient of uniformity increases significantly (2.81) between the wet and dry methods, which 
resulted in a change of soil classification for the six of the nine locations. Considering no 
significant variation in the ranges and standard deviations for both the coefficient of uniformity 
and curvature, for both wet and dry conditions, the ash is considered to be relatively uniform 
Table 10: Summary of the calculated coefficient of uniformity and curvature for all testing 
locations 
 Dry Sieving Wet Sieving 
Location Cu Cc Cu Cc 
L1 3.29 0.89 4.17 0.96 
L2 5.71 1.43 7.20 1.42 
L3 4.50 1.39 5.00 1.61 
L4 3.52 1.27 5.56 1.28 
L5 2.14 2.14 7.14 1.14 
L6 3.85 1.04 8.00 1.13 
L7 3.68 1.20 7.71 1.28 
L8 5.60 1.21 8.00 1.28 
L9 4.67 1.17 9.50 1.48 
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(see Table 9) and not spatially dependant (see Figures 18 – 21). Additionally the clay fraction 
does not have a large effect on the PSD coefficients; therefore, the observed variation in PSD 
 
Figure 18: Spatial Dependence of Cu (dry sieving method) 
Figure 19: Spatial dependence of Cc (dry sieving method) 
Figure 20: Spatial dependence of Cu (wet sieving method) 
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 Loss on Ignition 
The American Standard ‘ASTM 7348-13’ is used to determine the organic content 
for the coal ash. A Loss on Ignition (LOI) test is used to numerically determine the percentage 
of char, organic matter and calcite for each sample location. The sample material is subject to 
sequential heating to remove the following constituents at the given temperatures: 
 360 °C for organic soils/matter 
 600 °C for organic carbon 
 950 °C for calcite content 
 Calcite, Char and Organic Soil Content Variation 
The total percentage of organic soil, charcoal and calcite, contributes to only a small 
amount of the ash’s total weight (refer to Table 11). The combined constituent weights make 
up a maximum of 4.7% of the totals sample weight and on average makes up 3.6%. Organic soil 
content ranges from 0.8 to 1.5% and has a mean of 1.3%. Char content ranges from 1.6 to 
2.8% and has a mean of 2.1%, contributing the largest weight percentage out of the measured 
constituents. Considering that ash coming from the power station contains about 20 percent of 
char, the char content in the slope ash is relatively low (Mudd, 2000a). 
Figure 21: Spatial dependence of Cc (wet sieving method) 
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 Earth Systems (2016) determined the coarse fraction of the pond ash (within close 
proximity to the spigot) to have char contents ranging between 2.04 and 7, which indicates that 
the findings are within reason but are considered to be lower bound values. Additionally, Earth 
Systems (2016) found that the char content is dependent upon particle size, where the lowest 
char contents attest to the coarsest fraction of the pond ash (Sample 13 – see Figure 6). Calcite 
has an extremely low contribution to the overall weight, ranging from 0.07 to 0.4% with a mean 
of 0.2%. Using the Inter Quartile Range method the calcite value of 0.41% measured for 
Location 8 was determined to be an anomaly and was not included in this analysis. The 
Squared Correlation Coefficient (R2) was used to quantify the correlation between the physical 
and chemical properties. Char, organic soil and calcite were all found to have a positive 
relationship to the coefficient of curvature. The only notable correlation was the relationship 
between calcite and the coefficient of curvature, which was determined to have an R2 value of 
71.6% (see Figure 25). The constituents were also compared against the clay fraction (2 μm), 
the effective grain sizes D10, D30, D50, D60 and the coefficient of uniformity, however, no other 
noteworthy correlations were determined. It is interesting that some apparent correlation exists 
considering that there is no relationship between the calcite content and the effective diameters 
D10, D30 and D60, which are all used to define the coefficient of curvature. The findings indicate 
that calcite increases as the ash moves from uniformly graded to gap graded, however, there 
is no good reasoning for this manifestation.  
Table 11: Summary of slope ash constituents 
Location Organic soil Char Calcite 
L1 0.84% 1.56% 0.07% 
L2 1.17% 2.07% 0.16% 
L3 1.13% 2.12% 0.17% 
L4 1.37% 2.34% 0.18% 
L5 1.49% 1.72% 0.17% 
L6 1.32% 1.98% 0.20% 
L7 1.40% 2.45% 0.22% 
L8 1.51% 2.11% 0.41% 
L9 1.34% 2.80% 0.25% 
Avg. 1.28% 2.13% 0.20% 
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Figure 22: Spatial dependence of calcite 
Figure 23: Spatial dependence of organic Soil 
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 Saturated Hydraulic Conductivity 
Saturated hydraulic conductivity was determined using ‘AS 1289.6.7.3’ using the 
constant head method and a flexible wall permeameter. Constant head was chosen over other 
methods given that Loy Yang pond ash has been previously determined to have a relatively 
high hydraulic conductivity (10-1 to 10-4 m/day,) and preliminary tests showed that using 
Figure 24: Spatial dependence of char 
Figure 25: Correlation between Coefficient of Curvature (Cc) and the % wt. of 
calcite 
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restricted volumes i.e. pressurised permeability method, is inadequate for this study. The 
permeability cell is configured as per Figure 26. Preliminary results showed that the soil sample 
could distort under the applied confining pressure causing unpredictable changes in hydraulic 
conductivity, so a semi-rigid mould made from plastic tube was used to maintain the ash’s 
structure. Federation University tap water was used as the permeating fluid for all tests, which 
was in part controlled by the constant head set-up. The permeability cell used in this study 
meets all the apparatus requirements laid out in the Australian Standard. The permeameter 
was covered in an anodised coating to prevent corrosion and is designed to accept soil 
samples up to a 100 mm in diameter. Driving pressure was applied to the sample using a 
constant head reservoir and confining pressure was applied using compressed air. Prior to 
applying the confining pressure, the void space between the confined soil sample and the 
confining wall was completely filled with water (see Figure 26). The purpose of this was to 
detect potential leaks that would otherwise cause additional air to be introduced to the soil 
sample, which would debilitate the soil sample from ever being truly saturated. Potential leaks 
were monitored by observing drawdowns from the initial water level, and it was determined 
that there were not leaks present for any of the permeameter set-ups even after seven days of 
operation. The confining pressure acting on the soil sample was regulated to 25 kPa, with an 
accuracy of +/- 0.1 kPa but is known to vary over time by as much as +/- 1.5 kPa. Confining 
pressure was applied for at least 5 minutes prior to the water phase being introduced to ensure 
that the applied pressure had stabilised. The constant head reservoir used as the driving force 
was connected to the University mains supply to maintain a pressure head of 1.4 m at all times. 
Water was applied to the bottom of the permeameter to assist with the removal of entrapped 
air. Effluent flows were measured using a ‘Davis Low Cost Tipping Bucket Rain Gauge’ that 
are installed at a fixed height (10 cm) below the permeameter. Each pulse (bucket tip) is 
reported to be equivalent to 4.28 ml.  
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 Optimum Moisture Content and Maximum Dry 
Density  
Optimum moisture content and maximum dry density tests were carried out for 
Locations 1, 2, and 3, using the standard proctor method following AS 1289.5.5.1. The range 
between the maximum and minimum values for optimum moisture content and maximum dry 
density were determined and expressed as percentage. The range of optimum moisture 
contents and maximum dry densities vary by 0.37% and 0.09% respectively (see Figure 27). 
The variations are considered to be so insignificant that the remaining locations were not 
determined see Table 12. For the three locations measured, the average optimum moisture 
content and maximum dry density are 27.3% and 1.35 respectively. It was found that water 
contents varying between 20-40% were attributed to a very small change in the maximum dry 
density. Using Location 1 as an example, the maximum dry density varied by less than 0.1 
g/cm3. The broad optimum moisture content range suggest that a high degree of compaction 
can be obtained for a large range of water contents.  
Figure 26: Pressurised permeability cell components 
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 Saturated Hydraulic Conductivity Results 
Saturated hydraulic conductivity tests were carried out for six of the nine sample 
locations. Saturated hydraulic conductivity tests were not completed for all locations largely 
due to fact that it was not possible to find an acceptable method of measurement within the 
projects time constraints. Numerous attempts were made to measure the ash’s saturated 
hydraulic conductivity. The first attempt used the pressurised permeability set up shown in 
Figure 26, except that in the initial stages of testing: soil samples were contained using only a 
flexible membrane; water was supplied to the top rather than the bottom; and the soil was confined 
only by air. During this attempt it was observed that the sample was distorting (elongating) 
under the applied pressure. Subsequently the second attempt used a semi-rigid wall, cut from 
a low-density plastic tube to support the ash’s structure and was placed inside the flexible 
membrane. While the plastic tube retained the ash’s structure it was found that the hydraulic 
conductivity with this set up did not reach a steady state period even after 12 days of operation. 
It was believed that the air phase was significantly affecting the saturated hydraulic conductivity 
Table 12: Summary of Optimum Moisture Content (OMC) 
and Maximum Dry Density (MMD) for locations 1-3 
Location OMC (%) 
MDD 
(g/cm3) 
L1 27.37% 1.32 
L2 27.30% 1.30 
L3 27.18% 1.39 
 
Figure 27: Optimum moisture content and maximum dry densities 
for Locations 1-3. 
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and that air may have been permeating through the flexible membrane and into soil matrix. 
The final attempt used the same set up as the latter configuration, however, the in and out 
flows were reversed; causing the permeating fluid to travel upwards to assist with the air 
removal process. The confining chamber was also filled with water to monitor the permeation 
of air. If air could permeate through the membrane, then in this case, water would first be 
displaced first and a water level drop would be observed in the confining chamber. Additionally, 
to monitor the hydraulic conductivity of the testing period a series of tipping buckets were 
installed for automatic and continuous hydraulic conductivity readings. Using the final proposed 
method, ash from each location was prepared to optimum moisture content (≈ 27%) and 
compacted in five layers using a 200 g manual tampering weight to achieve an initially 
compacted sample that was 95% of the maximum dry density. Once the tests were complete 
the soils samples were tested for maximum dry density and void ratio. The maximum dry 
densities and void ratios for the six tested locations range from 1.083 to 1.321 g/cm3, and 1.22 
to 0.61 respectively. Considering that there is little variation in the ash’s particle size distribution 
it is highly unlikely for such a high variations in dry densities and void ratios to exist. It is 
believed that the largest variations arose due to an over saturation at the base causing ash 
liquefaction. Liquefaction of the soil allowed substantial volumes to flow out of the semi-rigid 
mould and into/around the permeameter equipment.. It was possible to avoid liquefaction by 
allowing the ash to drain for a period of time, however, in doing so other complications arise. 
For example, draining the bulk water from the ash sample results in an underestimation of the 
actual water mass contained by the ash and consequently the void ratio would be lower, and 
dry density would be greater. Therefore, the largest recorded variations in the calculated dry 
densities and void ratios do not represent well, the actual variation in physical properties such 
a particle size distribution.  
Despite there being little variation in the measured physical properties e.g. char 
content, the saturated hydraulic conductivity values vary significantly ranging from 1.40 x 10-5 to 
0.16 m/d. Locations 6 and 8 have the most extreme changes in hydraulic conductivity with 
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values ranging over 1 to 2 order of magnitude ( see figure 28) . There is no apparent correlation 
between any of the measured physical properties and the saturated hydraulic conductivity, and 
there is no strong evidence to explain the ash’s unusual saturated behaviour. Individual graphs 
for each location is shown in Figure 29 to 34. The unpredictable behaviour can be seen in every 
single test (Figure 29 to 34), and despite attempts made to reduce these variations and 
ultimately achieve a steady state. It is hypothesis that the effect variations in saturated hydraulic 
conductivity is the result of entrapped air. The effect of air on water flow in coarse grains soils 
such as sands has been investigated ,and it was found that entrapped gas can occupy both 
dead end and open pores and consequently can reduce the saturated hydraulic conductivity 
by as much as 2 to 20 times less (Marinas, 2013). The percentage of entrapped air is primarily 
dependent upon the soils; physical properties initial water content, compaction, driving 
pressure and the rate of the proceeding-wetting front (infiltration). For example, entrapped air 
is greater in a coarse grained soil. In this study a clear effluent tube was attached to the 
permeameter outlet to monitor the release of air bubbles from the ash sample. It was observed 
that the air bubbles were being released at a very slow rate and air bubbles were being 
produced well after 7 days after the tests begun. Only when pressure in the soil matrix is 
sufficiently high, entrapped air will escape via the soil surface, resulting in a large increase in 
water infiltration (Vachaud, 1973; Touma, 1984; Grismer, 1993). Therefore, the most likely 
cause for the slow release of entrapped air was due to the relatively low applied driving 
pressure. Bicalho (2005) found that the by increasing the driving pressure a greater percentage 
of entrapped air would be removed; however, even when pore pressures of up to 100 kPa were 
applied some entrapped air still remained. Despite the release of entrapped air increasing the 
available pathways for water to flow, it is possible for air bubbles to dislodge soil particles and 
cause a re-arrangement of the internal soil structure. The restructure may result in either an 
increase or decrease of the saturated hydraulic conductivity. One well known method for 
reducing the percentage of entrapped air is by flushing the test sample with carbon dioxide 
before applying water. Carbon dioxide acts to displace air bubbles and is readily dissolved in 
water allowing for near full saturation conditions to be established. Flushing the test sample 
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with carbon dioxide is a preferred method because it does not require any specialised 
equipment and is relatively cheap and quick. If pre-treatment of the ash with carbon dioxide 
does not lead to a successful measurement of the hydraulic conductivity other factors must be 
considered. For example, the permeameter is covered with an anodised coating to prevent 
material degradation. In these experiments the coating did not did not cover the whole surface 
and it is believed that this may have an additional effect on the saturated hydraulic conductivity. 
When the exposed surface came in contact with water/air, an unknown white salt would 
precipitate. The precipitation of salts could majorly effect the hydraulic conductivity in two ways, 
which are clogging of the inlet/outlet ports, and clogging of ash’s pore space. It was observed 
on a few rare occasions, that the inflow/outflow ports were significantly blocked, to the point 
that the outflow was significantly restricted. A drill bit screwed into the ports was required to 
break down the crystalline formation to create a clear passage for water flow. Additionally, it 
was observed that the rate of precipitation increased with time and it is hypothesised that that 
the precipitation rate is a function of the residence time of water (flow rate).Issues that arise 
from the precipitation of solids can be completely be removed by re-instating the anodised 
coating and therefore discussions on possible methods for quantifying the blockage of 
permeameter ports or ash pores is superfluous.  
The direct measurement of the saturated hydraulic conductivity for coarse ash was 
also proven to be a challenge for the authors Jacobson (2011b) and Webb (2014). Jacobson 
(2011b) ran two tests on coarse Loy Yang Pond ash and found that the saturated hydraulic 
conductivity of the ash ranged from 0.18 m/d to 0.31 m/d using the same pressurised 
permeability apparatus used in this experimental program. Jacobson’s (2011b) methodology 
was also the same as the first method tried in this experimental study using only a flexible 
membrane and air to confine the sample. Additionally, Jacobson (2011b) found that over time 
the hydraulic conductivity did not reach a steady state. Jacobson (2011b) stated that the 
variation in hydraulic conductivity is a clear indication of variability in the ash’s intrinsic 
properties. It is unlikely that this would be the leading cause considering that a large number 
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of ash samples were tested in this experimental study and the variation of intrinsic properties 
was not significant. Webb (2014) measured the saturated hydraulic conductivity of coal ash 
using the falling head method for multiple densities. Webb (2014) found that as bulk densities 
increased from 0.724 to 0.910 g/cm3 the hydraulic conductivity decreased from 5.57 m/d to 
3.36 m/d. Webb (2014) concluded that some trends are observed between the saturated 
hydraulic conductivity; however, further investigation is required to provide higher confidence 
in the measurement of saturated hydraulic conductivity of coarse ash due to the high amount 
of variability.  
 
 
 
 
 
 
 
 
 
 
Figure 28: Variations in observed in hydraulic conductivities for sample locations 4-9 
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Figure 30: Measured hydraulic conductivity Location 4 
Figure 29: Measured hydraulic conductivity Location 5 
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Figure 31: Measured hydraulic conductivity Location 6 
Figure 32: Measured hydraulic conductivity Location 7 
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Figure 33: Measured hydraulic conductivity Location 8 
Figure 34: Measured hydraulic conductivity Location 9 
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 Chapter Summary 
Spatial variation in physical and chemical properties of coarse pond ash can have 
a profound effect on the flow regime of the ash’s drainage layer. The ash’s hydraulic behaviour 
has shown to be dependent upon the ash’s particle size distribution, char content and organic 
and compaction effort. It was essential to understand spatial variations of these properties in 
order to determine the drainage performance of the ash layer. A set of as-constructed samples 
were extracted from the ash trial slope and taken to the laboratory, where all the 
aforementioned physical and chemical properties were directly measured. Particle size 
distribution was measured using dry and wet sieving techniques couple with hydrometer 
analysis. Ash particles were found to be mostly silt sized and contained very low amounts clay 
sized particles (<2%) that has similar properties to a fine sand. It was found that no significant 
variations existed between the two sieving methods, in reference to the particle size range, 
coefficients of determination, and spatial distribution at the field-scale.. It should be noted that 
the wet sieving method produces more realistic PSD curves, and an average increase of 10% 
in fines (particles <75 μm) was observed across all locations. Loss on Ignition tests were 
carried out to determine the weight percentage of char, organic soil and calcite within the ash 
for each sample location. All three chemical constituents were found to be very low where: 
char <3%, organic soil <2%, and calcite <0.5%. The chemical constituents showed no 
relationship to the ash’s PSD and showed no spatial variation.  Optimum moisture content and 
maximum dry density tests also showed little variation such that variations in these two 
properties for the studied material only varied by 0.37% and 0.09% respectively. The ash was 
found to be insensitive to compaction over a large range of moisture contents as only small 
changes in dry density were detected. Multiple attempts were made to accurately measure the 
saturated hydraulic behaviour of the ash, however, hydraulic conductivity was found to be 
highly variable. Saturated hydraulic conductivities of the ash never reached a steady state even 
when exposed to long testing periods. Fluctuations in the saturated hydraulic conductivity were 
unpredictable and varied by up to two orders of magnitude. It is believed that the air-phase e.g. 
 89 
entrapped air, has a significant influence on the ash’s hydraulic behaviour, and is the 
predominant cause for the observed variations. Accurately measuring the saturated hydraulic 
conductivity of the ash is essential to understanding its hydraulic behaviour. Given that 
saturated hydraulic conductivity is known to vary significantly over short spaces, one can 
understand the need for accurate measurement to determine these variations. Further 
discussion on the importance obtaining an accurate measurement in relation to unsaturated 
ash-water properties is made in the next chapter. 
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 Water Retention Characteristics 
Primary Objective: 
 To test and calibrate field suction and water content equipment (T8 Tensiometer and 
EnviroPro) in the laboratory and to determine their adequacy for measuring ash-
water properties 
Secondary Objective: 
 To fit an appropriate model to the observed soil water retention curve over the range 
of measured data, which is the range at which significant fluid flow occurs. 
o The range of interest refers to the saturated and transitional zones, which 
have been previously described in this report. 
 Investigate the use of a Gypsum Block as an alternative for the measurement of 
suction 
Soil monitoring equipment that can be used to obtain the soil-water retention curve 
(SWRC) of ash has previously been employed in other AGL rehabilitation trials. The equipment 
pertinent to this study include the ‘T8 Tensiometer’ for measuring suction and the ‘EnviroPro 
1200 Lte’ for measuring water content. Despite previous use in the field, the use of the above-
mentioned on specific soil types such as ash is unknown and requires investigation. The work 
presented in this chapter primarily focuses on tests and calibrations for the T8 Tensiometer 
and the EnviroPro for measurements over the low suction range. The low suction range for 
sandy soils is generally in the range of 0-20 kPa and is the range at which the majority of fluid 
flow occurs. Tests and calibrations were conducted using a 1-Dimensional soil column, which 
was specifically designed to measure the soil water retention properties in the low suction 
range. SWRC models were fitted to the measured data set over the low suction range to 
determine if any significant differences exists between various model types, and what 
implications may result from these. A Gypsum Block was also used in this experiment to 
investigate its use as a potential cost effective method to the ‘T8 Tensiometer’. 
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 Experimental Program 
 For ease of notation, the ‘T8 Tensiometer’ is denoted as ‘T8’ and the “EnviroPro” 
capacitance type probe is denoted as ‘EP’ from this point forward. A partial soil water retention 
curve was measured in the laboratory using a 1-D soil column experiment. From an initially 
saturated state, suction was generated in the ash by draining the soil column. Suction was 
measured by the T8 and water content was measured by the EP. Given the unique properties 
of the ash, the T8 and EP required calibration and validation. The T8 tensiometer was 
calibrated following instructions provided by the supplier UMS (2011) and the EP was 
calibrated through the direct measurement of water content. Given that that the EP records 
volumetric water content, it was necessary to measure both the gravimetric water content and 
the density of the ash at known sensor heights to directly compare the recorded and measured 
data. Once calibrated and tested the EP and T8 were used to obtain soil water retention data 
over the suction range of 0 to 10 kPa. 
 Sample Collection 
Coarse pond ash used in this section of the study was obtained from the Loy Yang 
North ash pond within 30 m of the ponds spigot. Although it would have been ideal to obtain 
ash during the construction process, it was not possible and it was considered too destructive 
to remove the required volume of ash post construction. Samples extracted from the trial slope 
were stored in the same way as the slope ash in Chapter 4.1.1. 
 Column Design 
Soil column apparatus used in this study was located outside of the Geotechnical 
and Hydrogeological Engineering Research Group (GHERG) laboratories, sitting level on a 
raised platform and under cover. A diagram of the various dimensions and components of the 
soil column is shown in Figure 35. A photograph displaying the actual set up of the soil column 
and fill reservoir is shown in Figure 36. 
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Figure 35: a) Soil column dimensions (in mm), b) Soil column components 
Figure 36: Photo showing ash column and fill reservoir 
arrangement 
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 Casing used to contain the column of ash was made from high- density plastic pipe 
and has a height of 1.27 m and cross sectional area of 0.071 m2. To ensure that the ash did 
not escape the system, a steel grate covered in high permeability geo-fabric was installed. The 
steel grate was installed above the outlet point so that the ash would not impact the effluent 
flow by clogging the outlet. To facilitate flow from the ash and out of the column, it was 
necessary to drill holes in the steel grate. Randomly spaced holes at 5 mm were drilled into 
the grate, which allowed the ash to free drain. The suitability of the high permeability geo fabric 
was tested by allowing carrying out a saturated hydraulic conductivity test continuously over 
five days. The geo-fabric showed no signs of degradation or clogging and was considered to 
be suitable for the ash-column experiment. To cap the bottom of the casing, an alloy sheet 
metal was cut to the external diameter of the pipe. The sheet metal was screwed and sealed 
to the base of the pipe and tested for leakages. Once the ash column was determined to be 
leak free, the ash column was filled. Approximately 128 kg of dry ash was required to fill the 
soil column. The ash was prepared to a water content of 25%, slightly higher than the optimum 
moisture content for the column ash, and compacted to roughly 98% of the maximum dry 
density (1.578 g/cm3). A slightly higher water content was adopted for packing because it had 
been previously shown to minimise the percentage of entrapped air (Gibert, 2014). Some void 
space (around 30 mm) was left above the ash column to allow a layer of ponded water, which 
was necessary to determine the volume of water entering the ash column. While complete 
saturation is ideal, it is highly unlikely that the ash column would become fully saturated due to 
the presence of entrapped air, as addressed in Chapter 4.4. Vibratory action can be used to 
reduce the percentage of entrapped air, however, the impacts of vibration on the soil structure 
and flow regime should be investigated first. A summary of the calculated ash properties used 
to determine the soil water retention properties in the soil column is shown in Table 13. 
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FILL AND DRAIN RESERVOIR DESIGN 
A falling head type reservoir made of PVC pipe is used to saturate the water column 
and is referred to as the ‘fill reservoir’ (see figure 35). The fill reservoir has a height of 1 m and a 
diameter of 150 mm, and extends 100 mm above the top of the soil column, providing a 
maximum of 1.1 m pressure head at the base of the soil column. The fill reservoir supplies 
water to the base of the column so that water flows upwards in the column to assist with the 
removal of air from the ash sample. The ash column was filled sequentially over a 2-3 hour 
period, and required the fill reservoir to be filled exactly three times. Tap water from the GHERG 
mains supply was used as the permeating fluid. It was necessary to fill the ash column using 
relatively low hydraulic gradients to avoid heave and to minimise air entrapment. Another water 
column, referred to as the ‘drain reservoir,’ is used to capture draining ash-water. The drain 
reservoir had a height of 1 m and diameter of 100 mm. The top of the reservoir sits 500 mm 
below the ash column outlet and was fixed to a nearby girder to ensure that it does not fall over. 
The drain reservoir is capped on the top to minimise evaporation, however, to ensure that 
suction did not build up in the drain reservoir, six 2 mm holes were drilled through the 
reservoir’s top cap. 
Table 13: Summary of column ash properties used in 
experimental program 
Ash Column Property Value Error (+/-) 
Wet Mass (kg) 160.50 1.0% 
Dry Mass (kg) 128.30 2.0% 
Soil Height (m) 1.155 1.0% 
Mass Water (kg) 32.2 1.0% 
Moisture at Compaction 25.1% 3.0% 
Volume Soil Column (m3) 0.0816 2.0% 
Porosity - n 39.4% 2% 
Void Ratio - e 0.651 3% 
Volume Solids (m3) 0.0494 3% 
Dry Density (g/cm3) 1.571 3% 
Specific Gravity (g/cm3)) 2.594 4% 
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WATER MOVEMENT AND CONTROL 
The ash column and both reservoirs are fitted with 1/2 inch brass male hose fittings 
to allow for a standard garden hose to be attached at all points. All columns were connected 
together via a 2-way hose adapter. The 2-way adapter utilizes ball valves to open and close 
two partitions, allowing full control over the direction of water flow. The hose adapter was fixed 
50 mm above the ash column outlet, which effectively creates a fixed water table, and ensures 
that the bottom of the ash column remained saturated at all times. By creating a proxy water 
table, it was not possible for air to enter the system from the base of the ash column. This 
practically removes all possibility of air forming at the bottom ash surface, and therefore 
drainage behaviour remained unaffected. 
 Calibration of Monitoring Equipment 
Ongoing trial areas at the mine are currently using a set array of ash monitoring 
equipment, which is going to be used in the ash trials and is expected to be used in future 
programs. The monitoring equipment pertinent to this study include the T8 Tensiometer and 
the EnviroPro (EP) capacitance probe. Despite the T8 and EP being previously installed in the 
field, the behaviour of the monitoring equipment for specific soils types such as ash is unknown. 
The T8 and EP were used to directly measure the water retention behaviour of the ash in the 
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low suction range. A diagram showing the installation and configuration of soil-water monitoring 
devices is shown in Figure 37. 
T8 CALIBRATION 
T8 Tensiometers measure suction using a pressure transducer that measures 
positive (piezometric) and negative (tensiometric) pressures in the range of +100 to -85 kPa. 
The raw signal of the T8 has an accuracy of +/- 0.5 kPa. A high air entry ceramic cup located 
below the pressure sensor is used to conduct ash-water to the pressure transducer, and is able 
to provide continuous signal. For this reason, the T8 Tensiometer has very rapid response time, 
making it suitable for fast draining soils. The ceramic cup is made from sinter material (Al2O3) 
and the manufacturing process guarantees homogenous porosity with good water conductivity. 
In comparison to conventional ceramic cups, it is considered to be much more durable (UMS, 
2011). Tensiometers purchased from the UMS soil group come calibrated with an offset 
correction of 0 kPa, but are known to drift over time (UMS, 2011).The offset of the Tensiometer 
was verified by placing the T8 in a 500 mL volumetric cylinder containing a depth of exactly 
Figure 37: Configuration of ash-water monitoring equipment 
(dimensions in mm) 
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7.5 cm of distilled water. A perfectly corrected T8 should give a zero reading; however, the 
offset was determined to be +0.35 kPa. The offset is not overly significant, however, over time, 
the offset value may increase and therefore it is necessary to carry out routine checks in the 
laboratory. During the T8’s operational phase, water stored within the ceramic cup is released 
until the pressure of the surrounding soil and the inside of the cup have equilibrated. As water 
transfers out of the ceramic cup a vacuum is formed, creating a suction corresponding to the 
level of suction produced by the surrounding soil. The bubble point (air entry value) of the 
ceramic is at least 1500 kPa. Once suctions exceed the bubble point, the vacuum can no 
longer, be maintained and air fills the cup causing a reading of 0 kPa. Therefore, it is essential 
to ensure that no air enters the ceramic cup. If air bubbles form within the cup it can lead to a 
decrease in the ceramic cups hydraulic conductivity causing a lagged response in suction 
readings. De-aired water must be used in the Tensiometer or otherwise an air bubble is likely 
to form. Installing the T8 on angle between 25 ⁰ to 65 ⁰ reduces the effect and likelihood of air 
bubbles already within the ceramic cup affecting the fill indicator. Additionally, during the 
refilling process, the angle allows for air to be completely removed. However, installing the T8 
on this angle also results in an offset shift as, the vertical water column draws on the pressure 
sensor. Ash was extracted from the ash column using a hand auger specifically designed for 
the T8, which has a diameter of 24 mm. The T8 in this study was installed on an angle of 30.8 
⁰, which corresponds to an offset correction equal to +0.43 kPa (UMS, 2011). The combined 
offset correction was determined to be +0.78 kPa.  
ASSESSING THE COST EFFECTIVENESS OF USING A GYPSUM 
BLOCK TO MEASURE SUCTION 
 During the preliminary stages of the experimental program, a Gypsum Block was 
installed to the same sensor height as the T8 (see Figure 36) and their results were compared. 
It was very quickly determined that the Gypsum Block was not suitable for measuring the coal 
ash in the laboratory. Similarly to the T8 the suction was measured by the Gypsum Block and 
water content was measured by the EnviroPro, which allowed for a direct comparison between 
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the two suction devices (see Figure 37) Compared to the T8 the Gypsum Block has a very 
poor accuracy of +/- 1 kPa, and was found to be insensitive to changes in moisture contents. 
As a result, the Gypsum Block recorded suction in discrete intervals and for each of these 
suction intervals was a corresponding range of volumetric water contents. The range of water 
contents varied between 7.51% and 2.11% (see Figure 38).  
The range of volumetric water contents decreased as suction increased, which 
infers that the Gypsum Block is less sensitive at higher degrees of saturation. The Gypsum 
block was found to not to be overly responsive to the applied unnatural wetting and drying 
cycles used in this experiment, however, in the field where flows are significantly lower, the 
Gypsum Block may have far more practically and should not be ruled out. Longer wetting and 
drying cycles would give the Gypsum Block sufficient time to saturate/de-saturate. The use of 
Gypsum Blocks as a cost effective alternative for measuring suction has been included in a 
field monitoring design for future works see Chapter 6.1.3. On another note, while the Gypsum 
Block did not show much sensitivity to changes in volumetric water content, the suction device 
was recording in the expected range of suction values. This was particularly useful for resolving 
an ongoing technical issue with the T8 in the early stages of the testing program. 
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ENVIROPRO CALIBRATION 
The EnviroPro is a dielectric based device that uses capacitance sensors to 
measure the dielectric constant (permittivity) of a soil, which is then used to estimate a soils 
water content based on a predefined relationship (see Figure 39).  
Capacitors are used in combination with an oscillator to form an electrical circuit, 
allowing changes in water content to be detected through changes in the circuits operating 
frequency. This study used an ‘EnviroPro 1200 Lte’, which contains a series of 12 capacitance 
sensors stacked one above another. Sensors are equally spaced at 100 mm intervals, with the 
first sensor starting exactly 2 mm below the EP’s top seal. An extra 50 mm of void space is left 
at the bottom of the last sensor to allow for a small amount of shrinkage of internal filling 
material and thereby ensuring the internal dielectric is consistent beyond the end of the last 
sensor (EnvrioPro, 2017). Unlike other capacitance type sensors, EP’s consist of internal 
plates rather than rings to provide a greater field of detection. The detection radius is 
Figure 39: Dielectric constant as a function of volumetric water content for a sandy soil 
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approximately 160 mm for a soil that has a particle density of 2.65. The detection pattern for 
an isolated EP sensor is shown in Figure 40. 
Water content recorded from by the EPA was logged using an ‘MEA Max logger’. 
The logger was only capable of storing data for nine out of the twelve sensors and therefore it 
was necessary to deactivate some of the EP’s sensors. Sensors corresponding to heights of 
70, 90 and 110 cm were specifically chosen to be deactivated because variations in water 
contents become significantly less approaching saturation, meaning that the close-to-
saturation profile could still be obtained with acceptable confidence. EP sensors record water 
content in terms of volumetric water content, which is a function of gravimetric water content 
and soil density. In this study, a sampling tube was used to obtain core samples over the full 
height of the EP probe. The sampling tube was made from Poly-vinyl Chloride (PVC) pipe, and 
has a height of 1.3 m and an internal diameter of 33 mm. The sampling tube was cut vertically 
to allow for simple core extraction, and the two halves were bound together using heavy-duty 
Figure 40: EnviroPro radial detection pattern for an isolated 
sensor 
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duct tape when in use. Additionally, 5 mm holes were drilled at intervals along each of the PVC 
walls to facilitate flow between the ash contained within the tube and the ash surrounding the 
tube. Drilled holes were required to achieve an equilibrated state between the ash inside and 
outside of the sampling tube. Prior to installing the sampling tube, ash was prepared to roughly 
optimum moisture content and then manually compacted at 50 mm intervals using a tampering 
rod. It was necessary to achieve an even compaction throughout the sampling stick; otherwise, 
ash density and subsequently volumetric water content was affected. A 50 mm hand auger 
was used to extract ash from the ash column for the installation of the EP and sampling tube. 
The augured holes were spaced at least 10 cm apart so that water flows around the EP were 
not affected by the sampling tube and vice versa, and so that water contents within the tube 
were representative of the recorded EP values. The auger diameter was noticeably larger than 
both the EP and sampling tube, and therefore, the open annular space was filled with an ash 
slurry. During the slurry fill, the EP and sampling tube were corrected using a spirit level to 
ensure that verticality was maintained. Once the tube was inserted, the ash column experiment 
was filled with water until a ponded surface of approximately 20 mm was achieved above the 
ash column. Once saturated, the ash column was allowed to freely drain until a quasi-
hydrostatic equilibrated state was achieved and the water content proceeded to decline at rate 
of less than 0.5% per day. Naturally, a soil column with this design, when drained, develops a 
varying range of water contents over the whole soil column with the lowest water content 
occurring at the top surface. Once a quasi-hydrostatic system was established the sampling 
tube was extracted and was taken into the laboratory, at which point the sampling tube was 
opened and ash over the full depth of the ash column were sampled. Samples were taken 5 cm 
above and below each sensor and the gravimetric water content and dry density of the ash 
was determined. The exact height of each sample was measured using Vernier Callipers in 
order to accurately determine the ash’s density. The measured gravimetric water content and 
ash density were then used to calculate the actual volumetric water content of the ash and 
compared to the recorded volumetric water content determined by the EP. 
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The results from five sets of data (see Figure 41) shows that the relationship 
between measured and recorded data is good. 
 Linear regression was used to determine the best fit between the measured and 
recorded volumetric contents and the coefficient of determination (R2) value was determined 
to be 94.0%. The variance between the measured and recorded data was also determined 
using Analysis of Variance (ANOVA) to obtain an F score. The F score measured for the two 
data sets was determined to be 5.90 -23 << 0.05, which suggests that the fit is both significant 
and reliable. The good correlation was expected as the EP is calibrated and designed for sandy 
soils. The residual plot in Figure 42 shows that the accuracy of the EP declines at higher levels 
of saturation as the distance of the residual points became greater as water content increased. 
Capacitance probes are normalized by taking readings in air (0% water content) and 
submerged in water (100%), defining the range of possible water contents. Normalization is 
critical for capacitance probes, and if neglected, capacitance probes would only provide a 
range of irrelevant raw data that varies slightly with varying soil types. A capacitance probe like 
the EP cannot achieve a 0% or 100% water content when it is surrounded by soil. The validity 
Figure 41: Relationship between measured and recoded volumetric water content - 
EP calibration 
 103 
of this statement was verified using a p-test using a null hypothesis H0: The minimum recorded 
water content of the ash does not equal zero; and the alternative hypothesis H1: The minimum 
recorded water content of the ash does equal zero. The p-value for the recoded volumetric 
water content (y-intercept) was determined to be 0.67, which is much larger than 0.05 and 
therefore does not reject the null hypothesis. Therefore, there is no significant evidence to 
suggest that the EP is able to read a zero water content in soil. Above all, the gradient of the 
line of best fit is greater than one, proving that the relationship between measured and recorded 
data is not directly related, confirming that the EP cannot accurately quantify the water content 
for specific soil types without calibration. If calibration was not completed for the ash then the 
water content would be grossly overestimated (as much as 15%) particularly when 
approaching saturation.  
Brinkhoff et al. (2017) also carried out a calibration experiment on the EnviroPro, 
however, instead of measuring water content directly; water content was indirectly measured 
using a ‘MaxBotic MB3789’ ultrasonic distance sensor. The work done by Brinkhoff et al. (2017) 
has limited application because the EP was not calibrated using a soil and therefore calibration 
of the EP does not have much relevance when it comes to measuring soil properties. In the 
experiment thee EP was placed in a PVC pipe and water was introduced from the bottom. As 
the pipe slowly filled with water the ultrasonic sensor measured the actual water depth and a 
Figure 42: Residual plot of recorded volumetric water content vs. 
measured volumetric water content 
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relationship between actual and recorded water content was established. For example, in 
Brinkhoff et al. (2017) calibration, water contents of 0% and 100% were achievable considering 
that the EP was calibrated only in water, which resulted in a highly non-linear fit between 
recorded water content and actual water content. The calibration carried out by Brinkhoff et al. 
(2017) really only assessed the EP’s ability to indirectly measure water content from the 
dielectric constant of water. However, through this method Brinkhoff et al. (2017) was able to 
determine that each sensor was less sensitive at the extreme ranges (0 and 100 mm).  
 Soil Water Retention Curve Determination 
Water retention data for the column ash was obtained by applying a sequence of wetting and 
drying cycles to the ash column. Due to the sizing of the column experiment, it was only 
possible to obtain a partial water retention curve in the range of 0 to -10 kPa. The maximum 
recorded suction value obtained for the ash was -8.3 kPa, and while higher suctions could 
have been achieved, it would have taken a momentous amount of time considering that the 
base of the ash column was enduringly saturated. SWRC models known to work well for sandy 
soils were fitted to the partially measured data set and then used to estimate the ash’s 
unsaturated hydraulic conductivity. Soil water retention models used to fit measured data were 
chosen based on the literature review findings for models that were known to work well with 
sandy soils. The four models compared in this study are the van Genuchten (1980),Gardner 
(1958b), Fredlund and Xing (1994), and Brooks and Corey (1964) models. These models have 
emerged as a small group and are very well known in unsaturated studies. Previous work 
carried out by Mudd et al. (2005) provides an indication of the expected SWRC for the column 
ash and has been included in Figure 44 to provide a visual comparison against the measured 
results. The SWRC models were fitted to the measured data by minimizing the sum of the 
squares differences using excel solver tool. The sum of the squares differences (SSD) was 
calculated for the volumetric water content, and is expressed as:. 
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Where; 
θswrc = The estimated volumetric water content obtained from the soil water retention 
curve 
θm = The measured volumetric water content 
Minimising the volumetric water contents sum of squares differences allows a best 
fit to be obtained. Linear regression analysis was used to determine coefficient of determination 
(R2), which is also a Microsoft Excel analysis tool. The procedural steps to run these excel 
tools is given by the author Anlauf (2014) and is carried out using the van Genuchten (1980) 
SWRC equation. 
VAN GENUCHTEN (1980) 
The van Genuchten (1980) model provides a closed form analytical solution to 
describe the SWRC and makes use of three independent parameters. The van Genuchten 
(1980) is expressed as: 
Where: 
α = Shape parameter related to the inverse of the air-entry pressure 
nv = Shape parameter that controls the curves steepness 
mv = Shape parameter that controls the curves shape at residual suctions  
In addition: 
 
 𝑆𝑆𝐷 =  ∑(𝜃𝑠𝑤𝑟𝑐 − 𝜃𝑚)
2 ∙ 1000 ( 22 ) 
 𝛩𝑛 =
1
(1 + (𝛼 ∙ 𝜓)𝑛𝑣)𝑚𝑣
  
 𝛩𝑛 =  
𝜃𝜓 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟
 ( 23 ) 
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Where: 
θr = Residual volumetric water content. 
θs = Saturated volumetric water content. 
θψ = Volumetric water content at a known suction value  
The water parameters m and n are linked by: 
The km parameter was initially introduced by van Genuchten (1980) to calculate 
closed form expressions for hydraulic conductivity using the predictive hydraulic conductivity 
models of Burdine (1953) and Mualem (1976).The value for km is an integer that has the value 
km=1 for the Mualem (1976) theory, and km=2 for the Burdine (1953) theory. The primary 
difference in the two is that the Mualem (1976) theory constrains mv to: 0.15 ≤ mv ≤ 1, which 
restricts the range of soil types that can use this model (Haverkamp, 1999).  
GARDNER (1958) 
The Gardner (1958b) model is a 3-parameter shape model that is near identical to 
the van Genuchten (1980) equation, which differs by the shape parameter ‘m’. Gardner 
(1958b) equation is expressed as: 
Where: 
α = Shape parameter related to the inverse of the air-entry pressure  
ng = Shape parameter that controls the curves steepness 
FREDLUND AND XING (1994) 
The Fredlund and Xing (1994) is a five parameter shape model which is expressed 
as: 
 𝑚 = 1 −
𝑘𝑚
𝑛
 ( 241 ) 
 𝛩𝑛 =
1
1 + (𝛼 ∙ 𝜓)𝑛𝑓
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Where: 
nf = Shape parameter related to curves slope  
mf = Shape parameter that controls the curves shape at residual suctions 
af = Shape parameter which is primarily a function of the air entry value of soil 
en = Irrational constant equal to 2.71828 used when taking the natural logarithm 
θs = Saturated volumetric water content 
 
In addition: 
Where: 
ψr = Residual suction  
BROOKS AND COREY (1964) 
The Brooks and Corey (1964) is one of the earliest developed soil-water retention 
models. The Brooks and Corey (1964) equation uses two shape parameters and a power law, 
and is expressed as: 
Where: 
λ = Shape parameter related to the pore-size distribution index of a soil 
ψAEV = Suction corresponding to the air entry value of a soil 
. 
 
𝜃(𝜓) = 𝐶(𝜓) ∙
𝜃𝑠
{𝑙𝑛 [𝑒𝑛 + (
𝜓
𝑎𝑓
)
𝑛𝑓
]}
𝑚𝑓
 
 
 𝐶(𝜓) = 1 − 
𝑙𝑛 (1 +
𝜓
𝜓𝑟
)
𝑙𝑛 [1 + (
106
𝜓𝑟
)]
 ( 25 ) 
 𝛩𝑛 = {     
[
𝜓
𝜓𝐴𝐸𝑉
]
−𝜆
, 𝜓 ≥ 𝜓𝐴𝐸𝑉
1, 𝜓 < 𝜓𝐴𝐸𝑉
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 Comparison of Soil Water Retention Models 
All four of the tested models produced a very good fit for the entirety of the 
measured data set (see Figure 43). All models attest to R2 values greater than 90% for all 
models (see Table 14). A summary of the shape parameters associated with each model is 
shown in Table 15. 
 
Table 14: Summary of coefficient of determination 
(R2) for fitted SWRC models 
Model R2 
Fredlund and Xing (1994) 99.5% 
Gardner (1958b) 98.9% 
van Genuchten (1980) 98.9% 
Brooks and Corey (1964) 92.9% 
 
Figure 43: Summary of fitted SWRC models for coarse coal ash 
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The shape of the SWRC effectively takes the same form for all of the tested models, 
bar the Brooks and Corey (1964) model. Considering the findings, choosing the Brooks and 
Corey (1964) equation to model the soil water retention curve would be imprudent, and doing 
so would result in an overestimation of the ash’s; air entry value , volumetric water content and 
consequently residual suction, and slope. The remaining models all provide an accurate 
representation of the ash’s actual water retention behaviour for low suctions that range 
between 0 to -10 kPa. Using the Vanapalli (1998) method, the air entry of the ash is 
approximately -2.8 kPa. This would be true given a low saturated water content of around 31%, 
however, through the EnviroPro calibration it has been shown that the actual saturated 
volumetric water content is around 37%, which was applied to the SWRC models. Therefore, 
it is more appropriate to determine the air entry value using the best-fit models rather than the 
actual data set. The air entry value is therefore determined to be approximately 1.5 kPa 
according to the Fredlund and Xing (1994), Gardner (1958) and van Genuchten (1980) models. 
The air entry value according to the Brooks and Corey (1964) model is approximately 2.1 kPa. 
Through experimental analysis it has been shown that the saturated water content is closer to 
36%, which was used for the best fit models. Over the suction range -1.5 kPa to -10 kPa, the 
ash releases approximately 75 % of its total water, which indicates that the ash is a very good 
drainage material. For simplicity, further analysis uses the Fredlund and Xing (1994) equation, 
Table 15: Summary of fitted SWRC parameters 
Model Parameter Value 
Fredlund and Xing (1994) 
af 5.798 
mf 2.657 
nf 1.812 
Gardner (1958b) 
ag 0.202 
ng 2.143 
van Genuchten (1980) 
αv 0.262 
nv 2.322 
mv 0.569 
Brooks and Corey (1964) 
ψAEV .071 
λ 0.714 
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which was chosen because it had the highest coefficient of determination (R2 = 99.5%). 
Comparisons were made in reference to the findings of Mudd et al. (2005) as well as a typical 
sand according to Rahardjo et al. (2012). Figure 44 shows that the findings from this 
experimental study fit within the range of SWRC’s found for the silty sand (SM) group 
determined by Mudd. 
 Upon comparison it can be seen that the tail end of the Fredlund and Xing (1994) 
curve is noticeably steeper than the minimum SWRC curve determined by Mudd et al. (2005), 
which suggests that the SWRC from the Fredlund and Xing (1994) model approaches zero 
water content at a faster rate than the minimum SWRC determined by Mudd et al. (2005). A 
greater rate of decrease in the volumetric water content would mean that residual suctions are 
reached at a faster rate, and when comparing the minimum and maximum range of Mudd et 
al. (2005) it is unlikely the SWRC for the coarse ash in this study would behave in that manner. 
The greater rate of decrease is most likely the result of not measuring water retention data in 
the residual zone. Measured data in the residual zone would correct the Fredlund and Xing 
(1994) curve to give a more accurate representation of the SWRC when the residual suction 
or water content is approached and therefore correct the rate of change. On the same note, 
the same effect can be observed for the three good fitted SWRC’s and the measured data set 
Figure 44: Comparison of the Fredlund and Xing (1994) model compared to the 
findings of Mudd and a typical sand according to Fredlund et al. (2012) 
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shown in Figure 43. The tail end of the modelled SWRC’s do not follow the same trend as the 
measured data set, and shows a greater rate of decrease approaching -10 kPa. Comparing 
the Fredlund and Xing (1994) model to a typical sand (Figure 44), the shape of the SWRC’s 
are noticeably different. A typical sand according to Rahardjo et al. (2012) has a much steeper 
gradient at the point of inflection, which suggests that typical sands have better drainage 
properties than the ash, as water is not as easily held within the pore space of the sand matrix. 
The differences between the ash and sand is most likely caused by a higher percentage of silt-
sized particles found within the ash. Although typical sand appear to have better drainage 
properties than the ash when comparing with the SWRC, there are large number of external 
factors that affect subsurface drainage. For example, taking the field scenario where a clay 
cover overlies the ash drainage layer, it may be found that the sand is too coarse/uniform, and 
may therefore require an intermediate filter layer to prevent the migration of fines and 
subsequently clogging of the drainage layer, which may not be required when ash is used. 
Knowledge of the soil water retention curve is used to assist with determining the suitability of 
a soil acting as a drainage material but cannot be used solely to explicitly determine the 
adequacy of drainage layer 
 Estimation of the Hydraulic Conductivity Function 
The unsaturated hydraulic conductivity was predicted for the column ash using the 
fitted soil water retention curves and an estimated value for the saturated hydraulic conductivity. 
It was not within the scope of this study to measure the unsaturated hydraulic conductivity of 
the column ash, and therefore, the predicted hydraulic conductivity functions do not hold any 
significant credibility. Nonetheless, understanding the nature of the models is useful for future 
research on the unsaturated behaviour of Loy Yang pond ash. Hydraulic conductivity function 
and soil water retention curve models are often published in pairs, which is due to the fact that, 
most HCF models are developed by integrating the SWRC with respect to the relative hydraulic 
conductivity. The HCF was predicted for all four fitted SWRC models using their paired 
equations, except for the Fredlund and Xing (1994) model, which was predicted using a 
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universal HCF equation proposed by Averyanov (1949). The Fredlund et al. (1994b) model 
required additional software and time, which would have been superfluous for this study. In 
addition, it is interesting to compare a universal type model to the SWRC dependant models. 
The saturated hydraulic conductivity was taken as 0.16 m/d, which was based on Mudd et al. 
(2005) findings. Significant variations exist between the four predicted HCF functions. It is not 
surprising that the Brooks and Corey (1964) model exhibits an unrealistic nature considering 
that the fitted SWRC model did not provide a good representation of the ash’s actual water 
retention behaviour. When soils lose the bulk of their soil-water, which occurred during the soil 
column process, it is expected that the hydraulic conductivity drops several orders of 
magnitude. Despite the relatively small range of the measured data set, Figure 45 suggests 
that the Brooks and Corey (1964) model would not exhibit a realistic behaviour even if the 
measured data set was determined beyond –10 kPa. 
 The remaining three models that are considered to be a good representation of the 
ash’s water retention behaviour indicates that the hydraulic functions will all drop several orders 
of magnitude approaching a state of residual suction, however, of the three the van Genuchten 
Figure 45: Comparison of four hydraulic conductivity function equations for coarse coal ash 
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(1980) model is the most likely representation of the ash’s actual hydraulic conductivity. The 
van Genuchten model clearly shows a significant decrease in hydraulic conductivities at low 
suction ranges. Brooks and Corey (1964) and Averyanov (1949) models are not considered to 
be realistic representations of the actual hydraulic conductivity function, because the hydraulic 
conductivity value should drop several orders of magnitude upon desaturation (Fredlund et al., 
2012). For the same reasoning the van Genuchten (1980) and Gardner (1958b) equations are 
considered to be more realistic in their nature. The van Genuchten (1980) model is thought to 
be the most realistic of the tested models because the curves tuning point is closely related to 
the column ash’s actual air entry value. It is suspected that using the Fredlund et al. (1994b) 
HCF equation would produce a more realistic curve than the Averyanov (1949) equation as 
more detail can be obtained from the SWRC. Regardless, not a single model can confidently 
predict the ash’s HCF without comparing it to measured data. Considering it was not within the 
scope of this study to determine the unsaturated hydraulic conductivity, the prediction of the 
HCF could only ever be used as preliminary assessment of the actual unsaturated hydraulic 
conductivity. Additionally, the saturated hydraulic conductivity was not able to be measured 
accurately, introducing more limitations to the estimation of the HCF in this study. Varying the 
saturated hydraulic conductivity simply results in a vertical translation of the hydraulic 
conductivity function on the y-axis (hydraulic conductivity). Knowing this, the saturated 
hydraulic conductivity could be estimated using a partially measured data set of unsaturated 
hydraulic conductivity, which may be useful if it is not possible to accurately measure the 
saturated hydraulic conductivity in the laboratory or field. 
 Chapter Summary 
The ash column design used in the experimental study was sufficiently designed 
for measuring suctions and water contents over the desired range (0 to -10 kPa) – accounting 
for the saturated and transitional zones. The two zones were the focus of this study because 
it is the range at which the majority of fluid flow occurs. The T8 and EP were tested and 
calibrated using ash column set up. T8 Tensiometers are supposed to come calibrated with an 
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offset correction of 0 kPa, however, over time this value is known to vary, and it was determined 
that offset correction was +0.35 kPa. An additional offset correction also needs to be applied 
for the installation angle of the T8. The T8 was installed at an angle of 30.8 degrees which 
corresponds to an offset correction of +0.43 kPa, and therefore the total offset correction was 
determined to be +0.78 kPa. The offset applied offset correction is independent of soil type 
and therefore calibrations do not need to be carried out for specific types. The EP on the other 
hand showed significant variations between the recorded and measured water contents. Given 
that the EP records in volumetric water content it was necessary to directly measure the 
gravimetric water content and the density of the ash in order to make an accurate assessment 
of its performance. Gravimetric water content and density was measured once the ash reached 
a quasi-hydrostatic equilibrated state. The quasi-hydrostatic equilibrated state was considered 
to be achieved when recorded volumetric water contents decreased by less than 0.5% per day. 
A strong relationship between the measured and recorded volumetric water contents was 
obtained (R2= 94%), and through this relationship it was shown that the recorded and 
measured water contents were not directly related, and that without calibration the water 
content would be grossly overestimated by as much as 15% - particularly when approaching 
saturation. It was determined that calibrations must be made for specific soil types like ash in 
order to accurately determine the volumetric water content at the field scale. The use of a 
Gypsum Block was assessed as a cost alternative measurement of suction by comparing its 
suction values to the T8. The Gypsum Block has an accuracy of +/- 1 kPa, and subsequently 
is not overly sensitive to changes in moisture contents compared with the T8 Tensiometer. As 
a result, the Gypsum Block records suction in intervals of volumetric water content ranging 
between 7.51% and 2.11%. There range of these intervals decrease as volumetric water 
content decrease, which shows that the Gypsum Block is less sensitive at higher degrees of 
saturation. Gypsum Blocks can take days to saturate and de-saturate, and was not particularly 
responsive to the applied wetting and drying cycles used in this experimental study. In the field 
such extreme changes in moisture like those induced in the soil column are unlikely to be 
observed in the field, and therefore, their use at the field scale would provide a better 
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assessment. Using the calibrated T8 and EP, the soil water retention curve was obtained for 0 
to -10 kPa, and suitable models identified in the literature review were fitted to the measured 
data set. Over the low suction range it was found that the ash lost approximately 75% of its 
soil-water, which indicative of good drainage behaviour. Best fit models identified in the 
Literature Review chapter were fitted against the measured data set using linear regression. 
All models showed a good relationship to the measured data set with R2 values being greater 
than 90%. The Fredlund and Xing 1994 model produced the best relationship with an R2 value 
of 99.5% and therefore was used for subsequent analysis. Using the fitted Fredlund and Xing 
(1994) curve, it was shown that the measured SWRC data of the ash was within the range of 
measured values determined by Mudd (2005). When compared against a typical sand, it was 
found that the air entry value was slightly higher in the ash with an air entry value of -1.5 kPa. 
Using the fitted soil water retention curves, the hydraulic conductivity function was estimated. 
The van Genuchten equation appeared to produce the most realistic behaviour of the ash’s 
actual unsaturated hydraulic conductivity as it was the only model that resulted in the ash’s 
hydraulic conductivity decreasing by several orders of magnitude, which is expected when 75% 
of the ash’s after is lost. However, Not a single model was able to confidently predict the ash’s 
hydraulic conductivity function, which was in part due to the lack of measured unsaturated 
hydraulic conductivity data and in part due to the saturated hydraulic conductivity not being 
accurately measured. Therefore, the estimation of the hydraulic conductivity function was only 
used as a preliminary assessment of the ash’s actual unsaturated hydraulic conductivity. 
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 Field Investigation 
 Future Testing program 
Field monitoring is to be undertaken both on the ash trial slope as well as an 
adjacent plot with the same cover material but no ash drainage layer below. The two trial areas 
are denoted as ‘plot 1’ and ‘plot 2’ respectively. The size of both plots and equipment 
positioning have the same design (see Figure 46). 
DESIGN PURPOSE AND APPROACH 
Monitoring equipment will be primarily used to monitor moisture and flow 
distributions within the cover layers for plots 1 and 2. Data collected from the ash layer will be 
used to assess the significance of material variation i.e. particle size distribution, caused by 
spatial distribution, on the ash’s hydraulic behaviour. Data collected from the clay covers in 
plot 1 and 2 will be used to compare the performance of the two cover designs in terms of 
water availability. It is necessary to monitor the clay cover in order to understand the transfer 
Figure 46: Plot layout and equipment positioning for field study - Scenario 1 
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of water between the ash and clay layers. Soil tension will be monitored within the ash to 
provide information on the ash’s water retention characteristics. Table 16 summarises the 
equipment that will be used in this trial. The accuracy of the monitoring equipment will be 
determined by comparing field and laboratory results. In the event of cover failure, moisture 
sensors installed in the ash and clay layer can potentially provide useful information on the 
failures origins i.e. oversaturation of the clay cover.  
 
Location Sensor Type 
No. 
Sensors 
Comments 
No. 
Plexus 
Field 
station 
L1 
EnviroPro moisture 
probe 
2 
Plot 1 – ash [ 1 x 1.6m in ash and clay 
layer]                                                                     
Plot 2 – no ash [1 x 1.0m in clay layer] 2 
 T8-Tensiometer 1 
Plot 1 – ash [ 1 in ash layer located at mid 
depth in the ash] 
L2 
EnviroPro moisture 
probe 
2 
Plot 1 – ash [ 1 x 1.6m in ash and clay 
layer]                                                                     
Plot 2 – no ash [1 x 1.0m in clay layer] 
3  T8-Tensiometer 1 
Plot 1 – ash [ 1 in ash layer located at mid 
depth in the ash] 
 Gypsum Block 1 
For comparison with tensiometer sensors 
(low cost) 
L3 
EnviroPro moisture 
probe 
2 
Plot 1 – ash [ 1 x 1.6m in ash and clay 
layer]                                                                     
Plot 2 – no ash [1 x 1.0m in clay layer] 
3  T8-Tensiometer 1 
Plot 1 – ash [ 1 in ash layer located at mid 
depth in the ash] 
 Gypsum Block 1 
For comparison with tensiometer sensors 
(low cost) 
L4 Gypsum Block 1 
For comparison with tensiometer sensors 
(low cost) 
1 
L5 
EnviroPro moisture 
probe 
2 
Plot 1 – ash [ 1 x 1.6m in ash and clay 
layer]                                                                     
Plot 2 – no ash [1 x 1.0m in clay layer] 
3  T8-Tensiometer 1 
Plot 1 – ash [ 1 in ash layer located at mid 
depth in the ash] 
 Gypsum Block 1 
For comparison with tensiometer sensors 
(low cost) 
 Pressure 
Transducer 
1 
Plot 1 – ash [Located up slope of aggie 
drain] 
N/A 
 Piezometer stand 
pipe 
1 
Plot 1 – ash [For water quality sampling, 
located upstream of aggie drain] 
 
Table 16: Summary of Field Monitoring Equipment Used in Ash Trials 
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SELECTION OF MONITORING EQUIPMENT 
PLOT 1  
Soil moisture in ‘plot 1’ will be measured using an EP100G(L)-16 , EnviroPro (EP) 
capacitance probe, which has 16 stacked sensors ranging over 1.6 m. The EP will be installed 
to the bottom of the ash layer and extend into the clay layer. Given that both the clay and ash 
layer are approximately 1 m thick, then there is 400 mm above the EP that will be unmonitored. 
One option was to install two 1 m EP’s into the cover to get moisture values over the full depths 
of the ash and clay layer, however, the overall cost effectively doubles, and is not justified for 
this study. Soil tension for plot 1 will be measured using T8 Tensiometers and Gypsum Blocks. 
Both tension sensors use single point measurement, however, their accuracy varies 
significantly as does the cost. Tension sensors will be installed to the mid depth of the ash 
layer, and Gypsum Blocks will be placed directly next to T8 Tensiometers so that a direct 
comparison can be made regarding its performance. Additionally a single Gypsum Block will 
be placed on its own and adjacent to the other Gypsum Blocks. If the isolated Gypsum Block 
proves to have a reasonable accuracy, then relevant soil-water data can be obtained at a very 
low cost i.e. using soil-water retention characteristics to determine the volumetric water 
content. Besides moisture and tension monitoring, pressure transducers will be installed into 
the ash layer to monitor the positive pressures generated by ground water movement. One 
pressure transducer will be installed at the base of the ash layer at the toe of the slope 
(cemented) and one will be installed slightly further up slope. Additionally, anticipating further 
research, a piezometer will be installed to monitor the evolution or de-evolution of chemical 
constituents leaving the ash 
PLOT 2 
‘Plot 2’ is solely comprised of soil moisture sensors. Soil moisture in plot two 
EP100G(L)-10, which as has 10 stacked sensors ranging over 1 m. Despite the clay layer in 
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plot 1 not have a full moisture profile for the clay layer, it remains cost effective to install an 
EnviroPro in plot 2 over the full depth, opposed to the partial depth in plot 1. 
DATA COLLECTION 
 Data will be collected using the new ‘Plexus’ system offered by the Australian 
company ‘Measurement Engineering Australia’ (MEA). The Plexus system allows the user to 
create a network of sensors that is completely wireless and accessible online through MEA’s 
‘Greenbrain’ website or through MEA’s software package ‘Magpie 3’. Each monitoring location 
will be equipped with one or more Plexus data loggers, termed ‘field station’, which feeds into 
a Plexus base station. Each field station is designed to wirelessly transmit recorded soil data 
along an optimal network path until it reaches the base station. This means that if any field 
sensors become inactive, or in other words the network chain is broken, the system will 
continue to function. A Plexus field station is able to store its data locally, so in the event that 
a field sensor does go offline, the data can be collected manually, which creates a very reliable 
network. Data received at the base station or ‘hub’ is directly uploaded to an MEA server and 
becomes fully accessible and customisable to the user. Each base station can support up to 
60 field stations and has a reported wireless transmission distance of 1 km between field 
station-to-field station or between field station-to-base station. To be on the conservative side 
it is suggested that field stations are placed no more than 500 m apart from each other. Base 
stations can form their own network, making the sensor network completely scalable. For 
example, future monitoring within 500 m of the ash trial slope, i.e. ‘Plot 2’, can connect to the 
pre-existing network without purchasing another base station. One disadvantage of the Plexus 
system is that it cannot facilitate the use of Theta probes, which have been previously used at 
AGL for deep soil monitoring, and cannot be used to obtain meteorological data. Current 
monitoring at AGL uses an older MEA data logging system that does not directly connect to 
Plexus, however, the recorded data is delivered to the user in exactly the same way, which 
makes comparing sites with varying data logging systems simple. The Magpie 3 software is 
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completely customisable, allowing the user to define the time domain, equipment of interest, 
and how the data is viewed e.g. stacked graph or tabulated. Tabulated data can be directly 
transferred into an excel spreadsheet, allowing users to generate graphs independent of the 
software. The current monitoring includes a ‘Junior Weather Station’ (JWS) supplied by MEA, 
which services the entire rehabilitation trial area. The JWS collects the following data: solar 
radiation, wind speed and direction, air temperature and relative humidity, and precipitation. 
Field monitoring of moisture variations and flows from this study will be supported by 
meteorological data obtained by the JWS.  
 Conclusions and Recommendations  
 Discussion of experimental program  
Prior to this study there was insufficient data on the soil-water characteristics of 
coarse Loy Yang pond ash, which is the primary information used to assess its drainage 
performance. Ash tension and volumetric water content was measured directly in the 
laboratory to obtain a partial soil-water retention curve of the ash. Tension was measured using 
a T8 Tensiometer, and volumetric water content was measured using an EnviroPro 1200 Lte 
(multi-sensor capacitance probe). The two soil monitoring devices used to measure the soil-
water retention curve are currently being used in other areas of AGL’s rehabilitation trials; 
however, their use for different soil types was unknown. The capacitance probe was calibrated 
by directly measuring the volumetric content at known sensor heights and using statistical 
analysis to determine the correlation between measured and recorded. It was found that if 
calibration of the EnviroPro was neglected then the volumetric water content would be 
overestimated for the entire range of measured water contents.. Approaching saturation, the 
EnviroPro’s accuracy decreases resulting in a larger scatter between recorded and measured 
data. Volumetric water content was overestimated by as much as 15% in the saturated zone 
and 5% when the bulk of the soil-water was drained. The correlation between measured and 
recorded data was strong (R2 = 94.0%), which was expected since the EnviroPro is designed 
for soils with minimal volume change and calibrated using a sandy soil. Soils that are subject 
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to high volume change on saturation, for example, heavy clay soils such as the clay cover 
material, are likely to encounter issues with volumetric water content measurements using the 
EP. Soil shrinkage can result in a loss of contact between the EnviroPro and the soil, in which 
case the EnviroPro would be measuring the dialectic constant of the air and a zero value would 
be recorded. The EnviroPro should be calibrated for both the slope fill material, as well as the 
clay cover, to determine its suitability for monitoring the entire cover system. The T8 
Tensiometer was determined to have some inaccuracies, which are in the form of offset 
corrections. T8 Tensiometers come calibrated with an offset of 0 kPa, which is known to drift 
over time. The offset was determined to be +0.35 kPa, using the manual provided by the 
suppliers, which is an acceptable reading (UMS, 2011). An additional offset correction was 
applied for non-horizontal installations, which was determined to be +0.43 kPa for an 
installation angle of 30.8⁰. One notable attribute of the T8 is its ability to quickly equilibrate to 
the surrounding soil, which other measurement devices such as Gypsum Blocks, are unable 
to achieve. The rate of water flux into and through the ash layer installed in the field will 
determine its suitability for long-term monitoring. For example, the largest water fluxes are 
likely to develop at the slope toe and therefore a rapid measurement of tension would be useful, 
whereas, the flux at the top of the slope is likely to be significantly lower, in which case a rapid 
response would not be required. The T8 Tensiometer and the EnviroPro were both determined 
as suitable devices for the measurement of the coarse ash’s soil-water properties, and is 
recommended for a field investigation of the rehabilitation ash trials. The use of a Gypsum 
Block was assessed as a cost comparison method in the laboratory. It did not perform well 
when subjected to the relatively extreme wetting and drying cycles applied to the ash column. 
Gypsum Blocks can take days to properly saturate/de-saturate and therefore was showed little 
sensitivity to the changes in water content. Gypsum Blocks have a low accuracy and can only 
measure in whole integers e.g. -1,-2, -3 kPa, and under the applied ash column conditions 
resulted in a range of moisture contents for the same suction, which varied between 7.51% 
and 2.11%, and was less sensitive at higher degrees of saturation. It is expected that variations 
in moisture contents will be significantly lower in the field and therefore there may be some 
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applicability to its use in the field. Gypsum Blocks have been included in the design of the future 
monitoring program as shown in Chapter 6.3.1. Once calibrated the T8 and EP was used to 
measure a partial water retention curve for the ash over the low suction range (0 to -10kPa). Soil 
water retention curve models that were determined to be suitable for coarse coal ash were fitted 
to the partially measured data set. All models produced a strong relationship to the measured 
data set with R2 values over 90% in all cases, however, the Fredlund and Xing (1994) model 
was the highest with an R2 value of 99.5%. Upon comparison the fitted Fredlund and Xing 
(1994) was in the range of SWRC models determined by Mudd (2005). However, approaching 
residual suction the Fredlund and Xing (1994) model showed a steepness that was 
uncharacteristic of the measured data set, indicating that residual suction would be achieved 
a faster rate than in reality. It was believed that this is largely due to the absence of residual 
zone data that would otherwise act to correct the curve and produce a more realistic soil water 
retention curve. Soil water retention curves that were modelled over the measured data set 
were used to predict the column ash’s hydraulic conductivity function. For all hydraulic 
conductivity functions the soil-water retention curve and the saturated hydraulic conductivity 
needs to be determined accurately, or the unsaturated hydraulic conductivity needs to be 
measured directly. Considering that neither of these two requirements were met, the hydraulic 
conductivity functions have limited use, and it is more valuable to discuss the accurate 
measurement of saturated hydraulic conductivity. The saturated hydraulic conductivity values 
measured in this study varied up to two orders of magnitude and did not stabilise even after 
six days. Webb (2014) and Jacobson (2011b) also measured saturated hydraulic conductivity 
using pressurised permeability configurations similar to the one in this study and came across 
the same issues. Webb used a rigid wall pressurised permeameter set up and Jacobson 
(2011b) used a flexible wall pressurised permeameter. Webb (2014) suggested that the 
variability in hydraulic conductivity may be due to sample sizes being too small, and Jacobson 
(2011b) suspected that the pressurised permeability cell was not a suitable method. Through 
observation and through experimental investigation, it is believed that the major cause of 
variability in the saturated hydraulic conductivity was due to the influence the air phase. As 
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water is introduced to the soil sample, water pushes out the majority of air from soil pores, 
however, dead end void space cause air to be entrapped and over time pore pressure slowly 
causes the air bubbles to push out of the system. As the percentage of entrapped air decreases 
over time, it is expected that the saturated hydraulic conductivity will increase due to the 
increase in water conductive pores. The pressure that is associated with the release of air 
bubbles can cause particles to dislodge, resulting in a re-arrangement of ash’s internal 
structure. A re-organisation could lead to an increase or decrease and at this stage it is not 
possible to predict the direction of increase or decrease nor its intensity. In this study it can be 
seen that the hydraulic conductivities both decrease and increase, and the range at which the 
increases or decreases are also not consistent. For example, some tested samples had 
hydraulic conductivities ranging over 2 orders of magnitude with others only ranging over 0.1 
orders of magnitude. Entrapped air is more likely to occur in coarse materials, which is a result 
of the large pore spaces. If time permitted, the next development would be to flush the ash with 
CO2 before water was applied. CO2 replaces air in the soil matrix and is highly soluble in water, 
which in turn would allow for water to occupy more of the void space. A lower percentage of 
entrapped air results in less internal re-arrangement of the soil and therefore it is suspected 
that; the saturated hydraulic conductivity could be measured more accurately. Eliminating the 
effects of the air phase would allow the root cause of the variability in the ash’s saturated 
hydraulic conductivity to be determined. A major drawback of not being able measure saturated 
hydraulic conductivity is that it was not possible to determine if variability in ash properties had 
any effect on its hydraulic behaviour. It was previously known that the hydraulic behaviour of 
the ash is sensitive to char content, particle size distribution and degree of compaction. It was 
determined that there significant variability exists in the ash’s chemical and physical properties 
across the field scale plot. Despite the saturated hydraulic conductivity being unknown, it can 
be said with relative confidence that the char content, regardless of its variations would not 
significantly impact water flow considering it accounts for less than 2% of the total weight. 
Particle size distribution analysis showed that some variations exists in the particle size 
distribution, however, these variations were not overly significant and the hydraulic behaviour 
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would not be heavily influenced. The ash’s sensitivity to degree of compaction was not able to 
be determined, however, it was found through compaction tests that the ash can be compacted 
close to the maximum dry density for a large range of water contents. It was found that the dry 
density varied by less than 0.1 g/cm3 from the maximum dry density for moisture contents 
range between 20-40%. Considering that there is no significant variations in the ash properties 
across the field scale plot and that a high degree of compaction can be achieved over a large 
water content range, then the ash layer in the field is likely to have a relatively even distribution 
of water throughout the layer.  
 Conclusion 
The following conclusions can be drawn from the studies undertaken through this research 
program: 
 From a set of spatially distributed samples obtained from the field, it was found that 
there were no significant variations in the ash properties. A relatively homogenous 
distribution of the ash across the field trial suggests that the hydraulic behaviour will 
be relatively uniform across the slope. 
 There are known issues with the accurate measurement of saturated hydraulic 
conductivity for the coarse ash. It is suspected that the air-phase has a large influence 
on the ash’s hydraulic behaviour. Considering that the ash drainage layer in the field 
is allowed to free drain, then the air-phase will always be a factor, and is likely to 
impact on the drainage behaviour. For example, if the ash becomes relatively dry and 
the air-phase is prominent, then water movement across the interface of the ash and 
clay layers may be restricted. This may result in the development of a capillary break. 
If a capillary break forms then then an increase in saturation will be observed in the 
clay cap, and may become a point of instability. 
 Field instruments that are currently installed in the field are only suitable for measuring 
the ash once calibration has been established. Considering the range of material 
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types in the field, the EnviroPro needs to be calibrated for each soil type as the 
behaviour of the instruments for each soil type is unknown. At this stage it is suspected 
that Gypsum Blocks could provide a cost alternative method for measuring suction 
but its use in the field needs to be verified.  
 Soil water retention curves and Pedo-transfer functions have been suitably verified for 
the ash. The models were assessed not only for their fit to the measured data set, but 
for the entire suction range. It was found that a high correlation to the fitted data set 
did not necessarily determine the most suitable model. A reasonable estimation of the 
soil-water retention curve can be obtained for the ash using the particle size 
distribution, and is useful for future studies using the coarse fraction of the ash.  
From the findings of this research program, it is believed that coarse Loy Yang pond ash has 
suitable drainage characteristics for the application of: a drainage layer installed below a clay 
cover and above a coal cut surface. Water flux through the clay cap and coal surface is 
expected to be low, which may result in the formation of a capillary break at the clay-ash 
interface, particularly at the slopes crest. While the hydraulic behaviour is somewhat well 
understood in the laboratory, its behaviour in the field is still unknown and it is necessary to 
carry out field monitoring to fully assess its behaviour as a drainage layer. 
 Future Recommendations 
 Develop a suitable method for the measurement of saturated hydraulic conductivity of 
coarse coal ash. Given that the air-phase is believed to have a strong influence on the 
saturated hydraulic behaviour it is recommended that the first approach removes the 
air-phase using CO2.  
 Investigate the hydraulic behaviour of the ash at the field scale using the proposed 
future testing/monitoring program. After obtaining a significant amount of field data the 
hydraulic behaviour should be modelled using a 2-D or 3-D model to investigate the 
ash’s hydraulic behaviour. 
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 Carry out a similar experimental investigation to Chapter 4 to determine whether or 
not there is any significant changes in the ash’s physical/chemical properties over time 
and investigate what effects may result from these changes. 
 Investigate the use of ash as a deep drainage cover material. 
 Determine the strength characteristics of coarse coal ash, clay and coal layers with 
varying levels of saturation and carry out stability analysis to determine the likelihood 
of failure in respect to these hydraulic variations. 
 Investigate the effects of unsaturated water flows that may result in instability of the 
drainage layer, for example, internal erosion of fine fines and subsequently the rapid 
build-up of pore water pressure.   
 Ultimately, if the ash can successfully act as a drainage layer than the scale of field 
plots should be increased and then re-assessed. 
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APPENDIX A -  
A.1 EPA Exemption Letter. 
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A.2 Design Drawings of Ash Trials 
A.2.1.1. Scenario 1 – Deep Wedge Layer  (l x w x D) 
A.2.1.2. Scenario 2 –  Deep Base Layer  (lx w x D) 
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A.2.1.3. Scenario 3 – Shallow cover layer  (lx w x D 
A.3 Fill Material (Lignite) Properties 
A.3.1.1. Particle Size Distribution   
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A.3.1.2.  Saturated Hydraulic Conductivity 
A.4 Clay Cover (Burrows Pit Clay) Properties 
A.4.1.1. Particle Size Distribution 
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A.4.1.2. Hydraulic Conductivity 
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APPENDIX B - SPATIAL VARIATION STUDY  
B.1 Dry and Wet Sieving Results with Hydrometer Analysis 
B.1.1.1. Location 1 
B.1.1.2. Location 2 
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B.1.1.3. Location 3 
B.1.1.4. Location 4 
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B.1.1.5. Location 5 
B.1.1.6. Location 6 
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B.1.1.7. Location 7 
B.1.1.8. Location 8 
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B.1.1.9. Location 9 
 
B.1.1.10. All locations for dry sieving 
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B.1.1.11. All locations for wet sieving 
 
B.2 Summary of coefficients 
B.2.1.1. Summary table of dry Sieve effective diameters and 
Coefficients  
Location D60 D50 D30 D10 Cu Cc 
1 0.23 0.19 0.12 0.07 3.29 0.89 
2 0.2 0.16 0.1 0.035 5.71 1.43 
3 0.18 0.15 0.1 0.04 4.50 1.39 
4 0.25 0.21 0.15 0.071 3.52 1.27 
5 0.15 0.12 0.15 0.07 2.14 2.14 
6 0.25 0.2 0.13 0.065 3.85 1.04 
7 0.28 0.23 0.16 0.076 3.68 1.20 
8 0.28 0.2 0.13 0.05 5.60 1.21 
9 0.28 0.21 0.14 0.06 4.67 1.17 
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B.2.1.2. Summary table of dry Sieve effective diameters and 
Coefficients  
Location D60 D50 D30 D10 Cu Cc 
1 0.25 0.2 0.12 0.06 4.17 0.96 
2 0.18 0.13 0.08 0.025 7.20 1.42 
3 0.15 0.13 0.085 0.03 5.00 1.61 
4 0.25 0.21 0.12 0.045 5.56 1.28 
5 0.25 0.19 0.1 0.035 7.14 1.14 
6 0.24 0.17 0.09 0.03 8.00 1.13 
7 0.27 0.21 0.11 0.035 7.71 1.28 
8 0.2 0.14 0.08 0.025 8.00 1.28 
9 0.19 0.14 0.075 0.02 9.50 1.48 
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B.3 Loss on Ignition 
B.3.1.1.  Effective Diameter D30 and Chemical constituents 
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B.3.1.2. Effective Diameter D50 and Chemical constituents 
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B.3.1.3. Effective Diameter D60 and Chemical constituents 
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B.3.1.4. Percentage Passing 0.075 μm (Fines Contetnt) and 
Chemical Constituents 
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B.3.1.5. Percentage Passing -0.0002mm (Clay Content) and 
Chemical Constituents 
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B.3.1.6. Coefficient of Uniformity (Cu)  and Chemical Constituents 
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